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Power transmission lines are the channels through which electricity suppliers transmit
electrical current to consumers who are located far from the production centres. This
electrical current is used for economic purposes and for the personal fulfillment of the
individuals who use it. Nowadays, cities are becoming bigger and there is a direct rela-
tionship between the amount of electricity available for consumption and the industrial
development of the cities. Electrical supply utilities transmit electrical power via several
high or very high voltage transmission lines, parallel to each other, to increase the power
available to consumers. By doing so, they increase electricity costs, they multiply the
defects that can occur in the grid and they increase the maintenance cost which reduces
the possibilities of economic development.
Knowing that any electrical system can be defective, it is important to ensure contin-
uous uninterrupted power supply by accelerating the detection of fault types that could
occur on the line and their location. Therefore, it is imperative to develop a transmission
line system that takes into account the energy needs of the next generations, the economic
development, the environmental protection and the permanent electricity supply. These
enumerated needs have facilitated the development of the multiphase concept and the
artificial intelligence techniques used to classify and locate different fault types that can
occur on a transmission line.
For decades, researchers have been working on the multiphase concept and also on the
classification and localization of faults using different artificial intelligence (AI) techniques.
From these studies it emerges that the most studied multiphase concepts is six-phase and
the AI techniques utilised to classify and locate faults in three-phase systems provide
some higher or lower efficiency results depending on the parameters of the transmission
ii
line studied.
This thesis presents a futurist nine-phase system and compares three AI techniques
employed to classify and locate various fault types that may occur in such a system.
Firstly, a nine-phase transmission line was designed using Matlab/Simulink software and
the resulting analyses show that such a system can supply a load up to 10 times higher
than a three-phase system that has similar line parameters. Secondly, various fault types
were created on this nine-phase transmission line that has a length of 200 km carrying
a voltage of 400 kV. Three AI techniques were then used to classify and locate different
fault types with six distinct algorithms. The first technique used is multi-layers perceptron
(MLP) based on binary numbers 0 and 1. The second technique implemented is decision
tree (DT) based on a set of decision-making conditions and the third used is concurrent
neuro-fuzzy (CNF) technique based on the conditions coming from the fuzzy logic.
All these techniques used as input variable, the short-circuit voltages and current
measured at different levels of the transmission line (at the receiving and at the sending
end of the line). The use of these AI techniques makes turn the traditional method (the
investigation method) obsolete. This will provide a technical contribution to engineers in
charge of the transmission line maintenance and therefore, will increase the power systems
sustainability and reliability.
The AI algorithms were realised, simulated and tested using Matlab and the results
obtained are compared in terms of efficiency, simplicity, sustainability and reliability.
In terms of load comparison, a nine-phase transmission line could supply up to 10
times more load than a three-phase system. In terms of fault classification for the nine-
phase system, MLP out-performed DT and CNF with a prediction accuracy of 99.5%
and DT achieved 91.62% whilst CNF achieved 98.41%. In terms of fault location for the
nine-phase system, MLP slightly out-performed DT and CNF with an accuracy of 99.7%
whilst DT obtained 95.38% and CNF achieved 99.17%.
The results obtained show that a futurist nine-phase system can effectively increase
the value of the load that could be connected to the line and that the use of AI techniques
to classify and locate various faults could be a solution to solve existing daily defects that
may occur in such a transmission line system.
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Electrical engineers are involved with all different stages of electrical networks such as the
production process, transport process and distribution process. Electrical industries are
in all probability the largest and most complex industries in the world. For this purpose,
electrical engineers working in the sector of electrical power production, power transmis-
sion lines or electricity distribution are facing many difficulties in terms of electrical design
or project implementation that allow them to generate, transport or distribute and even
to consume the electrical energy with all safety rules applied.
It was in 1878 when Thomas A. Edison implemented the basics of modern electricity
[1]. He was the first to work on light theories which he perfected in October 1879 as
Figure 1.1 shows.
Figure 1.1: Light Theory [2].
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Edison’s theory was generalised by Sprague with the introduction of the direct current
motor and the evolution of incandescence. The first power transmission lines were installed
in the USA in 1889 over a distance of 21 km with 4 kV in single-phase and in Germany
in 1891 over a distance of 179 km using 12 kV in three-phase [1].
The early Alternative Current (AC) systems functioned at various frequencies such
as 133, 60, 50 and 25 Hz. The standard frequency 60 Hz and 50 Hz were proposed
around 1893. The advantages of 60 Hz in power systems is that transformers, motors and
generators are smaller than in 50 Hz with the same power ratings, while the advantages
of 50 Hz reside in the power transmission lines. Generally, the transformers and the
transmission lines have smaller reactances than in 60 Hz [1].
1.2 Power Transmission Line Demand
In the majority of industrialised countries the production system, transport system, dis-
tribution system and electrical demand for electrical energy date from the 1950s, after the
Second World War. They were built to support the economic evolution of the markets.
Overall, the electrical systems are characterised by numbers of generators using oil, coal,
nuclear, hydro and recently using gas-fuelled generation [3].
The role of the transmission line system is to transmit a high volume of electricity
from the production areas to the consumption areas [4, 5]. The voltage transported will
be lowered by the transformers and distributed to consumers. This is the last link of an
electrical system as represented by the Figure 1.2. Erstwhile, an electrical system was
unidirectional i.e. production, transport and distribution were from zone (A) to consump-
tion zone (B). Nowadays, with the arrival of intelligent systems, renewable energies and
technological evolution some consumers are able to return the power in excess of their
energy needs to the network and this can be done at any level of the electrical system
whether in distribution for small users or in high voltage for partner companies. Figure
1.3 shows former and actual grid architecture. It describes in “red”the new architecture
used in power systems to supply distribution (A) where we can see that the current in the
grid has two directions and in “black”the former architecture used to supply distribution
(B) where the current has only one direction.
The World Energy Council published an article in 2013 regarding the global energy
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Figure 1.3: Former and Actual Grid Architecture.
scenarios by 2050. It appeared that the complexity of the energy system and the energy
efficiency as well as the global electricity generation will significantly increase by 2050. The
world’s population will increase from 7 billion in 2014 to 9.4 billion in 2050, which will have
many consequences such as the number of cars will increase from 124 per 1000 inhabitants
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Figure 1.4: Power Transmission Line Expansion [9].
in 2010 to 244 per 1000 inhabitants in 2050. The energy supply will increase from 152000
TWh in 2010 to 244000 TWh in 2050 which corresponds with a 61% increase. The global
electricity generation will increase from 21.5 billion MWh in 2010 to 53.6 billion MWh,
an increase of 150%. The investments will increase from US$1900 to US$2600 billion for
electricity generation, an increase of 70% and energy access will also increase by around
30% [7].
With the increase in the electricity demand in the world due to the increase in the
world’s population, the planning for the existing electrical grid expansion shown in Figure
1.4 and the grid interconnection become more complex [7]. To resolve this problem, a
huge number of data must be collected and manipulated. Therefore, electrical engineers
use digital computers and highly developed computer programs. Those programs will
enable them to calculate the power flow, the stability of the system, determine the values
of the currents and the short-circuit voltages, measure the influence of harmonics in the
network, and measure the environmental impact of the electro-static field generated by
the line [8].
There are two different power transmission line types namely underground power
transmission lines usually installed in agglomeration for aesthetic purposes and overhead
power transmission lines. According to the NFC-C15-100 standard, the universal classifi-
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cation of voltage ranges is distributed as Low Voltage is between 50 Volts and 1000 Volts,
Medium Voltage is 1000 Volts and 50 kV, High Voltage is between 50 kV and 150 kV,
and very High Voltage is up to 800 kV [10].
1.3 Importance of Multiphase Transmission Line
Design
Energy need is becoming more important in the world and the first energy source used
is electricity [7]. Food production, the automotive sector, aviation, mining and enter-
tainment, overall, economic development in general is supported by electric power. Tech-
nological evolution has made the development of very high voltage transmission lines
possible to supply electricity to consumers who are distant from the points of generation
and the utilisation of new energy sources such as renewable energies to ensure proper
power supply. All these solutions are not enough for the growing demand for energy. This
demand is due to the increase in the world population but also, due to a huge diversity
of the equipment that consumes electricity. Therefore, it is urgent necessary to find a
new way of electrical energy transportation to supply consumers [11]. It must be able to
carry large amounts of energy while degrading the environment in which it is located as
little as possible [12, 13]. A multiphase system should therefore be able to fulfil all these
conditions. A multiphase power transmission line could:
 Supply a huge volume of electric energy compared to the existing three-phase system
 Ensure a permanent supply of electricity with a threshold of defects occurring re-
duced
 Ensure a reduced noise threshold, magnetic and electrical field as well as corona
effect to protect the environment
 Ensure smooth electrical energy transmission to protect the electrical equipment




1.4 Power Transmission Line Fault Types
Power transmission lines can encounter three kinds of faults such as transitory faults and
sub-transitory faults as well as permanent faults. The sampling of electric faults that can
occur on line is done according to the travelling time fault over the line before its final
extinction. This travelling time is between 10 to 20 ms for transitory faults, 20 to 500
ms for sub-transitory faults and more than 500 ms for permanent faults which may occur
and completely or partially paralyse an electrical grid [14].
As any existing electrical system, overhead power transmission lines are predisposed
to encounter faults and these defects are usually due to lightning, dew, fog, frost, snow,
ice, gales, salt spray, cables, switchgear and transformers which provoke short-circuits [3].
So, all transmission lines must be protected. Up to 11 fault types may occur in any three-
phase line as shown in Figures 1.5, 1.6, 1.7 and 1.8 respectively. These figures represent
single line to ground, double line, double line to ground, triple line and triple line to
ground faults [3, 4]. This number changes and depends on the phase number. The more
phases a study system has, the higher the number of faults which may be analysed will
be.
In the case studied, there are nine phases. The number of faults that may occur in
such a system is determined according to some mathematic equations and presented in
Table 1.1.
In mathematics, the choice of P objects in n total objects where the order of alignment
does not matter can be determined by a total set of P elements. The combination of
mathematical formulas used to calculate the entire number of faults that may occur in a


















In everyday life, many techniques exist to detect and classify as well as locate fault
types [15]. The rapid advancement of micro-processor technologies [16, 17] remains the
most widely used method to which nowadays, is added the use of artificial intelligence


















Figure 1.5 (b) Figure 1.5 (c)
















Figure 1.6 (b) Figure 1.6 (c)


















Figure 1.7 (b) Figure 1.7 (c)










Figure 1.8 (a) Figure 1.8 (b)
Figure 1.8: Triple Line and Triple Line to Ground Faults.
Table 1.1: Types and Number of Faults on Nine-Phase System.
Fault
Type











1.5 Effect of Faults in Transmission Lines
In general 95% of faults in transmission lines are transitory and sub-transitory and 5%
of faults only are permanent [18, 19]. Factors that promote the appearance of faults in
transmission lines are the capricious environment, the quality of the material, the various
accident types and sometimes badly intentioned people. Faults from the production unit,
climate change, earthquakes and bush fires are also some of the factors that cause faults
appearing on transmission lines [20]. Effects of faults that can result from this set of
factors are various and diverse. Technically, the destruction of electrical equipment causes
the spontaneous interruption of the electrical energy which leads to adverse economic
consequences for users supplied by the line in default. In general, the common effects of
transmission line faults are the disruption of service continuity, the quality of the voltage
and the safety of users [10, 21].
1.6 Importance of Fault Detection
An electrical system in defect can only be restarted after a fault which provoked a defect
has been determined, located, classified and eliminated. The technical team in charge of
the grid maintenance may encounter various difficulties in the process of fault finding,
especially when the length of the line is long, the line is obsolete or if the technical team
does not have the required tools at the forefront of technology to decrease the time needed
restore the line in service. Therefore, it is important to have new equipment that facilitates
the elimination of defects in a short time. Quick fault elimination in an electrical grid
should therefore protect certain equipment against total or partial destruction, might
protect the grid against affecting a larger area that will increase cost and save time. In
achieving there will be an increase in the power line reliability and the yield.
1.7 Protection in Transmission Lines
The use of the fault analysis results on a transmission line system could help to protect
the electrical equipment in operation, guarantee continuity of the services, and facilitate
economic prosperity of enterprises and consumers. However, the electrical line study and
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its implementation with all the equipment that constitutes this line is influenced by the
fault conditions. The determination of short-circuit currents resulting from the various
faults that may completely paralyse the electrical network or a part of it and the faults’
location are essential to design and determine an appropriate protection system.
In the computation of fault currents on transmission lines, it is common to utilise the
sub-transient reactance of the generators and neglect the effects of the induction motors
which are connected downstream of the line. It is also normal to disregard the direct
current component, the magnitude of which depends on the moment in the cycle where
the short circuit arises. Electrical lines can be protected by various types of protective
equipment such as circuit breakers, relays, fuses, insulators, surge arresters, spark plugs
and lightning rods. In this study only circuit-breakers were used as line protector. Circuit-
breakers are used to isolate part of a faulty installation and to protect the line against
over-voltages and over-current. In simulation, they can be used to generate faults that
will be analysed.
High voltage circuit-breakers are divided into five groups such as oil immersed or
bulk-oil, small oil volume, air blast, sulphur hexafluoride (SF6) and vacuum [20].
 Bulk oil circuit breaker: This circuit-breaker has two poles per phase connected by
a cylindrical copper contact which moves in a coolant liquid where a control rod is
immersed to ensure the opening or closing of the contacts.
 Air-blast circuit-breaker: it is used for line voltages greater than or equal to 120 kV.
Air is compressed and stored at 1.38 MN/m2 and used in the direction of the arc
towards the poles when opening or closing the contacts.
 Small oil volume: This circuit-breaker is equipped with a small oil tank and oil is
released in a jet towards the arc when poles are opening or closing. It is called
“small oil volume”because the amount of oil in the tank is smaller in comparison
with the bulk oil circuit-breaker.
 Hexafluoride circuit-breaker: This circuit-breaker uses SF6 gas specially designed
to extinguish the electric arc produced when opening and closing circuit-breaker
contacts. At the same level of electrical power, this SF6 circuit-breaker is smaller
than an air-blast circuit-breaker. It is more after used to cut line voltage between
6.6 and 132 kV.
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 Vacuum circuit-breaker: This circuit-breaker has two contacts that open under the
arc-like vacuum and the arc is extinguished in the vaporized contact material. The
advantage of this breaker is its life-span of about 30 years because the damage
caused by the electric arc at the level of the contacts is reduced and the damage is
less important.
A good circuit-breaker must be fast, that is to say it opens and closes its contacts within
a short time; it must be reliable, i.e. it must not influence the value of the current flowing
through it; it must be able to protect the equipment, goods and users against short-
circuits; it must be easy to maintain and finally its purchase cost must be reasonable [22].
1.8 Stability of Power Transmission Lines
The stability of an electrical system represents its capability to remain in operation when
it is subject to disturbances. The disturbances in a transmission line could be caused
by the load or by various faults that may occur. There are generally two different line
parameters that influence the stability of a transmission line, namely the angle stability
and the voltage stability. To avoid huge blackouts due to a lack of reactive power voltage
collapse should be averted by monitoring the line’s angle and voltage stability [20].
In practice some techniques are used to increase the line’s stability such as high-
speed reclosure circuit breakers for closing or opening of its poles, the use of controlled
semiconductors with static compensation and shunt resistances as well as the use of SF6
circuit-breakers with a high protection speed [20].
In power transmission line design, the insulation of lines and phases is very important
and necessary because when a fault arises due to lightning, the line will be subject to
a huge increase in the phase current. However, the power transmission line components
such as transformer, isolator or cable are designed to resist such a phenomenon. In the
past, lightning was the first important consideration in the surge analysis in transmission
lines. Currently, researchers are interested in another source of surge which is the opening
and the closing of line circuit-breaker poles. At the opening or the closing of the circuit-
breaker poles an increase in current flow occurs due to poor contact and distance between
poles. To reduce this effect, it is recommended to insert a resistor in series with the
circuit-breaker poles which will absorb the excess line current [20].
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1.9 Application of Artificial Intelligence Techniques
in Power Transmission Lines
The utilisation of power systems have become incontestably useful in all modern cities
and as any system that exists, all areas of the power system fields need to be maintained
to facilitate continuous economic growth.
In the sciences, innovation is the key to success. Innovation permits the exploration
of new techniques and it is the results of these innovations that have allowed technology
developments such as smart grid, smart metering, solar energy panel systems, control
and smart grids automation and electric vehicles. In order to make automatic systems
developed more intelligent, AI techniques have emerged [23–35]. AI could be defined
as the application of programming techniques that are based on human reasoning for
meta-data learning [36].
In recent years AI has been successfully applied in different engineering research ar-
eas such as medicine [37–39], finance, banking, transportation, the automotive industry,
telecommunications [40–42], video games [43–45] and facial recognition [46–48]. The fol-
lowing are furthers examples.
 In video games, AI is used to improve the quality and design
 In education, AI is used to sign the attendance sheet and also to improve the prac-
tical training system
 In the automotive industry, AI is used to develop driverless vehicles.
 In power transmission lines, AI is developed to classify and predict fault location
[49–51]
In the midst of various AI applications in different fields, one of the areas that requires
AI application with more diligence remains the power system field because it is a crucial
area that is at the centre of other sectors’ development. The transmission line, as part of
the power system has faces several defects that sometimes arise and the total shut-down of
energy transmission is not permitted. It is thus necessary to develop new troubleshooting
techniques which will help to anticipate a blackout and especially to limit the interruption
time of the electrical energy supply, even in the extreme cases.
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Several investigations are conducted in the field of fault detection using AI techniques
such as support vector machines (SVM), fuzzy logic (FL), genetic algorithm (GA), expert
system (ES), wavelet multi-resolution (WM), data mining (DM), artificial neural network
(ANN), concurrent neuro-fuzzy (CNF), decision tree (DT) and random forest (RF). These
AI techniques use more or less complex algorithms and the results provided must be well
analysed [36]. The effectiveness of AI techniques depends entirely on the algorithm used
in a specific research area. It is shown that some AI techniques perform better than others
in some areas using specific data.
1.10 Objectives of the Thesis
The pre-eminent objective of this thesis is to introduce a new transmission line system
which will supply more load than the existing three-phase system. This thesis explores
the feasibility of designing and implementing a nine-phase power transmission line that
can carry very high voltage. Actual software called Matlab/Simulink is used and the
comparison is made in terms of load capability supplied for a three-phase system that
has the same line parameters as the nine-phase system. The designing of a nine-phase
transmission line presented in this thesis is totally new and its study has not yet been
done nor the comparison with other transmission line system.
The second objective of this thesis is to use three powerful AI techniques on six
algorithms such as multilayer perceptron (MLP), DT and CNF techniques to detect and
locate faults over a 200 km length of a future nine-phase transmission line. This thesis
examines the efficiency of using the association of the MLP concept and FL technique in
the form of one AI technique called CNF to detect and locate as well as classify different
fault types that may occur on a nine-phase transmission line.
The impact of this study will explore the feasibility of using recent AI techniques
in three-phase line analysis to study a futuristic and more advanced nine-phase system.
The design of a nine-phase line using the line parameters of the South African Electricity
Supply Commission (ESKOM Ltd), affirms the possibility to migrate from the current
three-phase system to a network that will allow it to carry more power. This will help to
supply more electrical power to the consumers at a lower cost.
The reconnection of a power transmission line could take several days or weeks. The
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use of modern techniques to locate and determine the defects will allow sending technical
teams that already know the difficulties they would be facing beforehand. This will
increase time savings, increase the line efficiency, reduce the expenses incurred for the line
maintenance and therefore increase the gain for the service provider. This is profitable to
the consumers because they will have more electrical energy for their needs and they will
be supplied continuously without interruption at a lower cost.
1.11 Research Contributions
There are several contributions and novelties in the research environment that this study
offers. Firstly, this research contributes by laying the foundation for a multiphase trans-
mission line study and particularly the foundation of a nine-phase system. Such a line will
increase the power transmitted to the consumers. The phase increasing method used is
different from the actual technique applied in practice to increase the transmitted voltage
to have more power at the end of the line. This research explains in detailed steps how
to design a transmission line and shows with simplified mathematic equations how to
determine line parameters using Matlab/Simulink software. Using these equations, shows
how to determine the well known Clarke’s transformation matrix for the nine-phase line
system usually employed in three-phase line systems to predict fault location. Another
contribution is that electrical power received and transmitted for a three-phase and a
nine-phase system is compared.
Different fault types that can occur on a nine-phase line system using three powerful
AI techniques are studied. The determination whether an AI technique such as CNF can
be successfully applied in such a system is shown. It is compared to those AI techniques
used to predict the classification and location of nine different faults that may arise in a
high voltage transmission line that carries 400 kV with a line length of 200 km in terms
of efficiency and yield.
1.12 Synopsis
Chapter 2 provides a literature review of the subject studied in this research. Many
researchers proposed some studies in multiphase power transmission lines, their study
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methods and demonstrations as well as their results are outlined here. In terms of fault
prediction using AI techniques, various studies have been done. Some articles that seem
to be close to this subject are selected and proposed.
Chapter 3 presents a general theory of transmission line design while Chapter 4 de-
scribes the nine-phase line design’s procedure using Matlab/Simulink. The necessary
steps of the software’s utilisation which enabled the design of this nine-phase line are pro-
vided. The methodology, toolbox and line parameter computations are shown. A second
three-phase transmission line was simulated using the same basic line parameters such
as the length of the line, the cross section of the conductors and the line voltage. The
results from these two PTLs are compared and it emerges from this that a nine-phase
transmission line could supply more load, close to 10 times the value of a three-phase line
system.
Chapter 5 provides a description of the MLP technique’s application for a nine-phase
transmission line. After all previous fault data were collected from the experiment setup,
an AI technique, the MLP, is used to classify and locate faults. The MLP technique is
presented in a global way where after its application for the studied system and the syntax
of its algorithm are explained.
Chapter 6 presents the use of the DT technique to detect, classify and locate faults on
a future nine-phase transmission line. The mathematical analysis and the writing steps
of its algorithm are proposed. This analysis shows that DT could be used effectively for
the case. A comparison of results with the two other techniques studied is made in terms
of simplicity of the study and the efficiency of the results obtained.
Chapter 7 studies the feasibility of applying the AI technique called CNF in a nine-
phase overhead transmission line system. The CNF technique has recently been used in a
three-phase system. The mathematic equations of CNF which is applied in such a system
and all the steps to compile its algorithm successfully are given. Different conditions of the
FL are determined and the results from this technique are presented in graphs and tables.
Results show that CNF is robust but difficult to implement because of FL conditions that
must be defined manually, however, CNF yiels gives good results. To conclude, some
comparisons between MLP and CNF are made.
Finally, Chapter 8 draws a general conclusion and provides some recommendations.
For future work using these techniques, some recommendations and suggestions are made
15
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to determine what other measures would help transmit more power in high voltage and
classify as well as locate faults which may occur in a nine-phase transmission line.
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Literature Review in the
Fields Studied
2.1 Introduction
It is always preferable, when studying a scientific domain, to have in-depth knowledge
of what has already been done the fields studied and in the techniques used to solve
similar problems to those of the research field. A wide investigation was embarked on to
determine what has been done in the previous work in the study field of multiphase lines
and AI techniques applied in fault prediction in the power system fields.
This chapter defines and provides a general overview of what has already been done in
the application of AI techniques to detect and classify faults on transmission lines as well
as in various fields of the power system. Moreover, up to 60 articles and conference papers,
which seem to be relevant and closer to the fields of study as well as some deficiencies are
highlighted and their results are commented on.
2.2 Power Transmission Lines: Overview of Power
System Fields
In 2016, Craig et al. [52] proposed a comparison of model-order reduction techniques
for multiphase transmission line systems. The objective of this research was to compare
several model-order reduction techniques with other measures for three-phase lines. A
multiphase line has been studied in mathematical modelling adapted from single-phase
equations and it emerges from this study that the balanced direct truncation and the
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balanced singular approximation gave the best results in terms of signal error norms. The
same year, Bhasme et al. [12] proposed a review on multiphase systems for high power
industrial applications. This was published in the International Journal of Advanced Re-
search in Electrical, Electronics and Instrumentation Engineering. The aim of this study
was to investigate the application of multiphase technology in the areas of multiphase
generation, multiphase transmission and other electrical machines which used multiphase
technology. Different advantages of multiphase systems are outlined. It emerges from this
study that multiphase generators are more efficient than three-phase ones, with higher
engine torque and more balanced operation. Multiphase equipment can even operate in
single phase in case of phase breaking. Researchers are investigating the utilisation of
multiphase because of the growing power needed, power transmission line performance
and the reliability of the system.
Tabibzadeh et al. [53] in 2015 studied a model and transient analysis of overhead
transmission lines with corona phenomenon and skin effect consideration. This study
investigates the influence of impulse voltage and lightning strikes in high voltage power
transmission lines which is subject to the corona effect using PSCAD software. The
technical measures taken consisted of the use of capacitors and resistances to model the
corona effect. It emerges from this article that the presented corona model is dynamic
and could be used in a wide range of power transmission lines that have different lightning
impulse wavelengths.
In 2014, Vinay et al. [54] investigated the application of multiphase power transmis-
sion systems using thyristor controlled series capacitors. The integration of the FACTS
device such as the thyristor controlled series capacitor and their effect in the multiphase
transmission line system, characterised by the voltage of the system that has 460 kV and
the length of the line which is 500 km, is analysed. The procedure used consisted of
studying the quantitative benefit of four and twelve phase line techniques by applying the
sample systems. It is shown that the load capacity of a compensated multiphase line is
greater than that of a three-phase line.
A year earlier, in 2013, Da Silva et al. [55] modelled a three-phase transmission line
with the theory of modal decomposition implied. This paper presents a transmission line
model based on a lumped element circuit. The line can be represented in a cascade π cir-
cuit so it will be able to measure the current and the voltage in the line model. It emerges
from this study that the voltage and the current could be interpreted mathematically
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in the form of equations. These mathematic equations can easily be represented using
EMTP software without prior knowledge about the theory and can then be translated to
design a multiphase line.
In 2011, Lauria et al. [56] modelled some four-phase power transmission line problems.
The authors investigated different problems that may occur in four-phase line design. A
mathematical model of the transformer used to convert a three-phase system to a four-
phase is provided with the connections that could be used. The technique utilised to
transform a three-phase to a four-phase system is based on the Scott connection. An
interface section between the two systems has been investigated and some relationship
between the symmetrical component of the systems was identified.
Lin et al. [57] in 2010 worked on a high reliability multi-port and multiphase direct
current hub. This research studied a system of multiphase AC/DC (four phases) where
faults that occur at any side of the system could be isolated to prevent fault propagation
on the other side and a hub that can connect several direct current lines. The system was
simulated via PSCAD/EMTDC software. It emerges from the analysis that the hub could
allow a power exchange between many direct current power transmission lines that have
different voltage ratings. The same year, Takani et al. [58] studied the application and
the advantages of multiphase auto-reclosing on a double three-phase circuit. The study
describes the benefits and introduce the multiphase auto-reclosing utilised to protect
transmission lines during faults. It also compared the studied auto-reclosing with other
types of circuit-breakers. It emerges from this investigation that if a multiphase fault
occurs, the time coordination for the circuit-breaker to open its poles must be synchro-
nised so, multi-phase auto-reclosing has more advantages to be used in practice compare
to single or three-phase auto-reclosing circuit breaker used in a double three-phase trans-
mission line for fault protection. However, in simulation, a single-phase or a three-phase
circuit-breaker could be used successfully to replace a multiphase circuit-breaker if you
introduce a time-synchroniser between poles.
Also in 2010, Singh et al. [59] realised that a circuit reduction technique could be suc-
cessfully applied in multiphase modelling of power transformers. Authors compared five
techniques used in circuit reduction in power transformer multiphase modelling. Circuit
reduction is used in this field because of the large dimensioning of matrix representation
which makes simulation of such a system computationally expensive. The techniques used
are hybrid transmission line, single transmission line, multiphase single transmission line
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and reduction to a capacitive network. It emerges from this study that hybrid transmis-
sion line technique, which is a semi-distributed model, is the best because it preserves the
entire inductance of the system. However, the research was generalised and focusses on a
mathematical model. Thus, the number of phases was not defined.
In 2009, Franklin et al. [60] used modal analysis to estimate received signal levels for
a power line communication that carried channel on a 500 kV transmission line. They
studied a procedure to associate in the same line a power line communication and a
power transmission line. By doing this, the signal propagation on overhead lines and
modal analysis are implemented. Several papers have been written on this topic, but this
study provided a lot of information about the modal analysis theory and the transmission
line modelling and the technique used is called multiphase reflection coefficient. A 500
kV overhead line was designed for this purpose and the theoretical results obtained were
compared to practical measurements. It emerges from these results that some model
parameters such as average conductor could only be roughly estimated.
Zhang et al. [61] in 2008 presented a multiphase transformer effect and harmonic
response analysis of an accelerator in a power system. The study presents a multiphase
electrical transformer and analyses various harmonics provided by such a system. The
technique was consisted to link hundred, or up to thousands magnets to have uniform
dipole fields when powered. It emerges from this presentation that the voltage response
of a 24-pulse configuration may not necessarily be lower than the 12-pulses due to magnet
insulation.
In 2007, Husain et al. [62] studied the characteristic performance of multiphase (six
and twelve phases) transmission lines. The authors investigated the voltage stability of
the multiphase lines. Three lines are implemented such as three-phase, six-phase and
twelve-phase lines. Qualitative and quantitative comparisons of multiphases are made in
order to be used in the development of this new aspect of power transmission lines. It
emerges from this study that the multiphase lines show a normal increase of the power
capacity and a better voltage stability. The same year, Belov et al. [63] modelled a
mathematically conducted in an independent power supply system including the power
line communication technology. Since many researchers are working on multiphase power
transmission lines, electromagnetic emissions created a risk of interference. This study
investigated the way to introduce the power line communication technology into the power
transmission line to solve electromagnetic interference problems. The technique involved
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the design of a mathematical model of a power transmission line and to integrate a single
frequency power line communication that includes an active filter in the designing model
and then compares the spectra and the waveforms obtained. The investigation attested
to a good efficiency of the converter in solving the electromagnetic interference problem
in power transmission lines.
In 2006, Mustafa et al. [64] analysed the transient stability of a power system that has
a six-phase converter transmission line. This paper investigated the transient stability in
a time domain of a double three-phase power transmission line circuit converted to a six-
phase system. Different fault types are simulated using PSCAD/EMTDC and it emerges
from this study that a six-phase system has a better stability than a double three-phase
system.
In 2005, Mustafa et al. [11] also analysed faults that may occur on double three-phase
to six-phase converted transmission lines. To design the system using PSCAD/EMTDC
software, the technique consisted of using a conversion transformer to have a 60 degree
phase shift between adjacent phases and to analyse the fault. Two sets of symmetrical
components of a three-phase system were used. It emerges from this study that a total
of 120 faults may occur in a six-phase line. This line can carry up to 73% more power
than a double three-phase system and will increase the power capacity of the system. The
same year, Monteiro et al. [65] computed the transmission line parameters for power flow
studies. Two existing Brazilian double three-phase power transmission lines that carry
230 kV each, with a length of 678.9 km located on the same tower, were studied. This
research presented a general method to have a single multiphase equivalent π circuit and
to determine the parameters of the lines useful for power flow analysis. The results show
that, the reactive power is affected by the coupling of the two lines on the same tower so,
the power flow is also affected.
Also in 2005, Kurokawa et al. in [66] analysed the behaviour of the overhead transmis-
sion line parameters on the presence of ground wires. The authors presented analytical
results for a multiphase ground wire reduction process and compared the results obtained
with an existing three-phase that carries 440 kV overhead line ground wire. The math-
ematical technique utilised analysed a complete reduction of a ground wire with matrix
equations. The results emerging from this study show that the presence of ground wires
changes the parameters of the overhead power transmission line.
In 2004, Fernandes et al. [67] modelled a transmission line phase domain in frequency
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dependent using matrix transformation consideration. In overhead multiphase lines, the
design could be made in phase domain or in modal domain. A study theory was needed to
determine the transformation matrices of admittance and the propagation function from
eigenvalue as well as eigenvector. However, when using the EMTP program, propagation
function and admittance are considered to be real and constant. Therefore, because the
matrix elements do not act softly, the study included the shunt conductances eigenvalue
and considered transformation matrices to be complex. The study analysed the system
utilising Newton-Raphson tracking to overcome switching difficulties. It emerges that
in daily routine calculations to determine transformation matrices, a discontinuity may
occur due to eigenvector switch-overs. It is shown that the characteristics admittance is
sensitive in phase domain.
Liu et al. [13] in 2002 studied four-phase power transmission line systems. The study
discussed the general characteristics of the four-phase system in overhead power transmis-
sion lines. Some mathematic equations were used to demonstrate the efficiency of such
a system. It emerges from the results obtained that, a four-phase overhead line is more
reliable compared to a three-phase line. The results show that under the same structure, a
four-phase lines capacity can be increased by 33.3% compared to the existing three-phase
line due to its simple structure and good symmetry of the cables. In addition, under
single line to ground fault, the line can continue to supply power to consumers without
interruption.
In 2000, Xu et al. [68] modelled the harmonic and its algorithm for a coupled mul-
tiphase transmission line. In this study, the nodal admittance of the multiphase line is
developed using phase coordinates and the algorithm developed is presented. The method
used to design and analyse this study was to derive nodal admittance of the multiphase
line in phase coordinate under the differential equation theory and provide the algorithm
to compute the different parameters needed. It emerges that the mathematical model of
the line presented in this study has a simple presentation and wide application. It may
be used to analyse harmonics in power transmission line systems.
Ismail et al. [69] in 1999 studied the magnetic field computations and management of
a Kuwaiti high voltage three-phase line using the vector magnetic potential concept. This
study analysed the magnetic fields around a double three-phase line existing in Kuwait
that carries 300 kV and proposed the geometrical cable arrangement to reduce high values
of magnetic fields generated by the line. The mathematical vector concepts are used to
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evaluate the magnetic flux density around the line cables. The results that emerge from
this study show that the re-phasing of the triple line conductors will reduce the magnetic
field values.
In 1998 Tavares et al. [70,71] studied a new mode domain multiphase transmission line
model of the matrix transformation modelling and Clarke's transformation evaluation as
well as the application of transient studies in transmission lines. The contribution of this
study is the representation of matrix transformation used for ideally transposed lines (the
exact modes) and for non-transposed line (the quasi-modes). The authors also compared
the result obtained with two techniques namely the utilisation of Clarkes transformation
and a single transformation matrix determined for a single frequency chosen as well as
they introduced a three-phase line DC, and a double three-phase line. Implemented via
EMTP, the line studied has 440 kV. In this studied model of the line, the geometry
transformation of the matrices is used to determine the modes in the analysis range
of the frequency. It emerges that Clarke's transformation performs better to analyse
transposed line and quasi-mode for non-transposed line and the frequency dependence
could be modelled with high accuracy for transient study using EMTP software. In a
comparison of a single three-phase and a double three-phase, it emerges that Clarke's
transformation is fundamental to obtain the accurate modes.
Also in 1998 [72, 73], they represented a new domain of transmission line for power
systems. This study introduced a new path to represent multiphase power transmission
lines. The line analysed is characterised by is 400 kV single three-phase line. The au-
thors proposed to represent a multiphase line as an uncoupled cascade of π circuit which
represents the modes of the line. The contribution of this research is the representation
of the matrix transformation using a time domain program. The methodology used was
to simulate the line via EMTP software and compare the results obtained with an estab-
lished frequency dependent line model. It was found that for a single three-phase power
transmission line, Clarke’s transformation is necessary to have quasi-modes.
In 1995, Hakimi et al. [74] simulated a semi analytical transient model for use in
real time in overhead transmission lines. The authors studied an alternative method for
transient line systems using EMTP and presented a brief overview for multiphase lines in
which Laplace transform and terminal constraints are incorporated. The results obtained
show that the model simulated is well adapted to predict over-voltages and over-currents.
The technique used can be extended to interconnected power transmission lines. However,
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this study presented the multi-conductor as a multiphase, knowing that they are two
different systems with different behaviours. Also in 1995 Sachdev et al. [75] analysed a
high-speed differential protection of parallel transmission lines and proposed its algorithm
for parallel transmission lines. A segregated scheme is used for this algorithm to facilitate
and coordinate multi-phase tripping and re-closing in high voltage. The results obtained
from this study show that the system will remain stable in normal operation and during
external faults.
The same year, Correia de Barros et al. [76] identified the capacitance coefficients of
multiphase transmission lines exhibiting corona under transient conditions. The authors
evaluated and identified the capacitance coefficient which could be used in multiphase
transmission lines under transient conditions and they use mathematical equations to
obtain different corona models. The results obtained from the evaluated capacitance
coefficients show that for the multi-phase systems, the capacitance coefficients can be
determined by a single-phase system and that, the corona effect of a given conductor can
affect all the phases of the multiphase line. Lastly, in 1987, Ibe et al. [77] proposed a
fault location algorithm for multiphase power transmission lines. This study introduced
an improved mathematical model of a power transmission line algorithm to locate faults.
Two three-phase generators at both sides of the line, which has a length of 150 km and
carries 400 kV, were analysed using partial differential equations well-known as telegraph's
equations. It emerges from this study that, once the complex matrix equations are sim-
plified using the concept of nodal analysis, the rest is as straightforward as in the case of
a single-phase power transmission line.
2.3 Artificial Intelligence Techniques Overview of
Power System Fields
In 2019, Cordova et al. [78] used a shape preserving incremental learning technique to
detect faults in power systems. The objective of this study was to use a new algorithm
based on incremental learning to detect various fault types in power systems. Usually
ANN and SVM are used to detect such a fault but accurate fault detection intends re-
training the system which could require a huge amount of time for convergence. By using
incremental learning the time needed for the training of the data set can be reduced. The
approach was to find the optimal amplitude phase using an exhaustive search and com-
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bine the amplitude and angle shift that are generated by fault voltage and fault current
measurements. The Fisher-Rao metric was used to construct fault templates using the
Karcher-mean. This algorithm was utilised to cluster fault signals that have similar char-
acteristics and the results emanating from this shows that as SVM or ANN the studied
technique performed well by reducing fault detection error by up to 85%.
In 2018, Mou-Jie et al. [79] proposed machine learning based on one-terminal fault
areas detection in high voltage direct current transmission line systems. The objective
of this study was to analyse machine learning techniques based on two distinct signal
terminals in high voltage direct current transmission line systems in order to detect various
faults that may occur in such a system. Fault detection methods are difficult to implement
in high voltage direct current due to low sensitivity of the system. The authors proposed
two AI machine learning techniques such as SVM and K-nearest neighbour to predict ten
fault types by analysing the waveform of the fault voltage. PSCAD software was used
to design the line model that carries 500 kV direct current. This model was simulated
under various conditions. The result emerging from this study shows that the applied
techniques could be reliable and accurate to detect various faults with fault resistance up
to 1000 ohm.
Earlier on, Eboule et al. [4] had detected and located various faults in power trans-
mission lines using CNF techniques. This study compared the results obtained from two
distinct power transmission lines of high and very high voltage. These were built in order
to classify and locate 11 fault types that may occur on lines using a specific combination
of ANN and FL techniques called CNF. The technique aimed to build two distinct lines
using Matlab/Simulink, record faulted current and faulted voltage under several condi-
tions and implement a combination of ANN and FL to predict various faults and their
location. By using FL in this study, 11 conditions that corresponded with the 11 fault
types were settled and ANN updated the output to have the best possible results. It
emerges from this study that the CNF technique implemented for the first time to detect
and locate various faults in power transmission lines could achieve up to 99.23% accuracy
when the data set are large, such as 2200 data in fault classification and to have better
achievement, it was recommended to well define FL conditions.
In the same year 2018, Du et al. [80] used the CNN and task decomposition frame-
work in distribution systems to detect single line to ground faults. A transmission line
model was designed using Matlab software, a task decomposition framework and a new
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method using Choi-Williams time frequency, based on CNN were proposed under various
fault conditions to detect single line to ground faults. CNN has performed well in many
other fields and it can successfully extract features of time frequency images. It emerges
from this study that these techniques developed are effective and robust for single line to
ground fault detection in distribution systems. Sowah et al. [81] designed a power distri-
bution network fault data collector for fault detection, location and classification using
machine learning techniques. The objective of this study was to build a prototype of data
collecting for fault detection in a single-phase power distribution system under various
fault conditions and to develop machine learning techniques to classify those faults. The
distribution line system was practically designed using a resistor network in the device and
the fault current as well as the fault voltage were recorded under various fault conditions
and transferred directly to a computer. The AI techniques used to simulate the system
are K-nearest neighbour, DT and SVM. The results obtained from these techniques were
compared and it emerged that the DT provided the higher accuracy rate of up to 99.42%.
Mou-Fa et al. [82] in 2018, proposed deep-learning-based earth fault detection using
continuous wavelet transform (CWT) and CNN in resonant grounding distribution sys-
tems. The objective of this study was to develop new techniques which are simple and
effective and that could be able to detect earth fault in resonant grounding distribution
systems. Two techniques were developed in this research namely CWT and CNN. The
procedure under various fault conditions was to apply the CWT to collect the necessary
data needed in the transient zero-sequence current of the fault and utilise CNN to ex-
tract features of the grey scale image. The results emerging from this study show that
the techniques used under wide variations of fault conditions remain reliable and robust.
These techniques have good performance, especially in fault detection.
In 2017, Lala et al. [83] diagnosed faults in power distribution systems using stationary
WT and ANN. The objective of this paper was to use stationary WT and ANN algorithms
to efficiently predict different fault types that may occur in power distribution systems.
A power transmission line was designed using Matlab/Simulink. This line carries 11 kV
line to line voltage with a frequency of 50 Hz. The procedure was to use WT to extract
transient frequencies and to use ANN to predict fault classification and fault location. It
emerges from this study that 100% accuracy was obtained to detect fault types and an
error of 0.024% was also obtained for fault localisation. This corresponds with a distance
of 1.18 m around the exact point of fault.
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Also in 2017, Kumar et al. [84] proposed fault detection and classification in six-
phase transmission systems using the k-nearest neighbour algorithm. Day-to-day electrical
energy use is increasing so, six-phase power transmission lines could be the solution. If
this idea becomes feasible, the classification of faults that may occur in such a line is very
important. The objective of this study was to use a new AI technique called K-nearest
neighbour to predict various fault types and compare the results obtained with the one of
the three-phase system. The transmission line designed in Matlab has 138 kV, 60 Hz with
a length of 68 km. Fourier transform was used to decompose the data and the algorithm
study was used to classify various faults under various conditions. It emerges from this
study that, a six-phase power transmission line could transmit 73% more power than a
double three-phase system and the AI technique used to predict faults is efficient and
robust for fault detection.
Xi et al. [85] in 2017 proposed a fault detection algorithm for a power distribution
network based on sparse self-encoding neural network. The objective of this study was to
detect faults in power transmission lines using a self-encoding neural network. The pro-
cedure includes the decomposition of the fault signal using dB3 wavelet and the sub-band
energy is determined as parameters for the neural network. It emerges from this study
that the algorithm could efficiently detect the distribution network fault. Hasan et al. [86]
used machine learning techniques to classify power transmission line fault types and loca-
tions. The transmission line analysed was characterised by its line voltage of 750 kV and
its length of 600 km. The objective of this study was to predict fault classification and
fault location using four powerful machine learning techniques. Using Simulink software
11 fault types were simulated and the data collected from this simulation were anal-
ysed using weka classifier. The machine learning techniques that were used are Bagging,
Boosting, radial basis functions and nave Bayesian classifiers and the results obtained
were compared. It emerges from this study that machine learning could well be used in
fault detection and location with high accuracy.
In 2016, Lashkari et al. [87] proposed asynchronous motor fault detection using ANN
and FL techniques. The objective of this experiment was to use ANN and FL to detect
and classify faults of stators in three-phase induction motors. The model was built in
Simulink and the fault current were recorded and analysed. Fourteen FL conditions were
defined to classify four stator fault types. It emerges from this study that ANN and
FL are two promising techniques in especially fault classification and could be used to
classify induction motor fault efficiently. The deficiency of this study is the numbers of
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FL conditions that were defined to classify only four stator conditions. This number could
have been reduced in order to make the algorithm fast.
Hasija et al. [88] in 2014 did a study to detect and to locate underground cable faults.
The main objective of this study was to detect and locate faults using a powerful AI
technique such as ANN in underground transmission lines. The study focused on the time
travelling to determine where the fault may have occurred. The procedure was to design
an underground transmission line model with a fault breaker using Matlab/Simulink and
to analyse different fault data in order to detect and locate faults using Orcad software.
The shortcoming of this study is that using the applied technique it may in practice be
difficult to measure the capacitance and the inductance of the line travelling by the wave
at the moment of the defect to determine the fault’s location.
The same year, Biswas et al. [89] proposed an ANN based power swing classification
technique. Usually the fault classification and location are done using distance relay,
but this seems to be not very efficient in most cases. The paper then proposed a novel
technique based on AI to classify power swing in transmission lines using Matlab software.
The study procedure consisted of designing the system using PSCAD and writing the
corresponding AI algorithm using Matlab. Under various faults and swing conditions, the
system was simulated, and relevant data were collected to be analysed. It emerges from
this study that the proposed method could be successfully applied achieving an average
efficiency of 97% in fault classification.
Also in 2014 Sanjeevikumar et al. [90] analysed and classified high voltage direct
current faults using an ANN. The objective was to use the ANN technique to predict
faults on the AC side and DC side in a HVDC transmission line which uses 12-pulse
converter. The procedure was to design a HVDC transmission line that has 12-pulse
converter in Matlab/Simulink. The line carries 500 kV with a length of 300 km. The fault
investigation focused on single line to ground, double line and double line to ground on the
AC side as well as a fault occurrence on the DC side. It emerges from this investigation
that, ANN could well be used either on the AC or DC side to predict various fault types
that may occur in power transmission lines with a high measure of accuracy.
In 2012, Chen et al. [91] implemented a new approach to extra high voltage transmis-
sion line fault classification and fault detection based on the WT and AI. The objective of
this study was to classify faults on very high voltage transmission lines that carry 400 kV
with a line length of 128 km using ANN and WT. The procedure was to use WT to obtain
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the spectral energy from the faults current measured and then select the specific neural
network to differentiate internal and external faults. Binary numbers were allocated to
each type of fault and to every 8 km along the line. The expected outputs were compared
to the output obtained to determine the real distance and fault classification. It emerges
from this study that data from one end side of the line were used and the sampling rate of
16 kHz was necessary to display a high efficiency for the techniques under different fault
conditions.
Xiaoyan et al. [92] and Mohamed et al. [93] in 2012 respectively published fault line
detection of leakage protection systems of mines based on rough sets and SVM and fault
detection using a dynamic parity space approach. The first study proposed a technique
to analyse a system if a leakage fault occurs on a power transmission line. It is urgent
to identify and eliminate them. However, the information collected from data-fault have
uncertain factors that make them non-linear. In order to analyse leakage faults, suit-
able techniques must be used. To extract the characteristics of leakage faults, the study
adopted a rough set and SVM techniques to build the decision table. The rough set
technique was applied to collect and remove the redundant attributes in the data while
SVM was utilised to detect leakage faults. This study was applied successfully in mining
protection.
The second study reviewed the efficiency approach to detect faults in a system. In
general, the redundancy relationship method and the observer-based procedures were
used. This implied a high level of mathematical analysis. However, in complex situations
such as non-linearity, data analysis in fault isolation and detection AI could be more
efficient. The technique introduced Gaussian noises to localise fault in a system after
generating the residuals by multiplying the output matrix with another that will make
the system insensitive to the state of the system and to compare the output obtained
in order to differentiate the faulted system. The dynamic parity method was used to
detect faulted behaviour using Simulink software. Practical and theoretical results were
compared in order to verify the effectiveness of the technique.
In 2011, Wang et al. [94] diagnosed faults in power systems using neural networks. This
paper investigates the pertinence of the pattern classification approach for fault detection
and classification in power systems using neural network techniques. The technique used
conceptualised fault diagnosis as a pattern classification problem and used input data to
determine behaviour of the system in fault and define the output. The system is trained
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with different fault situations off-line and the test is made on-line to determine whether
ANN techniques performed well in the case studied. Several tests were made using ANN
in various topologies. The results that emerged show that the efficiency of the technique
increases with the number of hidden layers and with the number of training. However, it
has been demonstrated that the results can also decrease if the number of training is too
high. Thus, it is essential to always determine the required number of training that could
provide a high accuracy. This was not mentioned in this study.
Belkacemi et al. [95] in 2010 designed and studied a multi-agent for power distribution
system reconfiguration based on the artificial immune system algorithm. The southern
California Edisons circuit was used as a demonstration model. The technique used is to
restore, detect and isolate faults as well as re-establish power losses in power distribution.
It emerges from this study that the multi-agent technique could be used successfully in
fault detection and isolation. This technique can thus perform the process to restore
power.
In 2009, Kamel et al. [96, 97] presented two analyses. The first is entitled “Advanced
distance protection scheme for long transmission lines in electric power systems using
multiple classified ANFIS networks”. The second is “Combined artificial intelligence
approach in distance relay for transmission line protection in electrical power system”.
These papers study the application of adaptive neuro-fuzzy influence system (ANFIS) for
a long power transmission line protected with a distance relay. The proposed application
focused on fault detection, classification and fault location on a line that carries 500 kV
volts with a length of 160 km located in Egypt. The ANFIS technique used to analyse
the data collected is a combination of ANN and FL. It is shown that the system relay
protection located the faults with an average error of 4% for different fault resistances.
The shortcoming of these studies is the fact that other equipment must be added to the
existing electrical line. Therefore, all fault detection made is based on the transmission
system of the data and the relay effectiveness. This could be a drawback of this study.
The same year, Flauzino et al. [98] proposed hybrid architecture for fault identification
in power distribution systems. The objective of this study was to use ANN to predict
faults in power distribution that carries 15 kV. The drawback of this study is that the
authors neglected to provide more details of the power transmission line design and the
data used to simulate the intelligent system. Earlier, Zhang et al. [99] diagnosed faults
in distribution systems based on multiple information sources. They investigated fault
30
2. Literature Review in the Fields Studied
detection and location in a power distribution system of passenger dedicated lines using
AI techniques. The line model was designed using Simulink software. WT and ANN were
used to analyse the frequency band signal of the current and voltage to localise each fault
type. Clarke's transform matrix was used to differentiate symmetrical and asymmetrical
fault behaviours.
In 2007, Xiangjun et al. [100] proposed grounding faulted feeder detection methods
applied in Chinese ineffectively earthed distribution systems. The authors evaluated and
compared four faulted feeder detection techniques applied in Chinese medium voltage sys-
tems. The traditional method uses grounding fault detection based on zero sequence. The
problem with this traditional technique is its poor sensitivity to detect high impedance
ground faults and other techniques are investigated. The technique used was a travelling
wave detector device to analyse the wave signal across a transformer. Two devices, current
and voltage travelling wave sensors were used to analyse four faulted feeders such as sig-
nal injection based detection, harmonic currents comparison fault detection and travelling
wave based detection as well as phase current difference based detection. It emerges from
this study that, in the last ten years,the Chinese have been successfully implementing
these faulted feeder detection techniques in their power system.
Yang et al. [101] in 2006 diagnosed faults for turbo generators based on fuzzy neural
network techniques. In daily system maintenance, sensors on the turbo-generator bearing
are used to detect vibration. The relationship between faults and their symptoms could
be too complex to be analysed because of the non-linearity data. This paper studied faults
diagnosed in turbo-generators using the combination of FL and neural networks. Fuzzy
neural network was used as a technique to classify vibration faults diagnosed from a 600
MW turbo generator and 18 faults were analysed. It emerges from this study that the
combination of FL and ANN could provide a high accuracy to diagnose faults in power
generators.
In 2005, Bouhouche et al. [102] detected faults and monitored the length loop control
system in the pickling process. The study of fault detection and isolation in the case of
faulty analogue control systems is conducted in this research. Knowing that analogue
control systems are not furnished with a monitoring function, the authors analysed the
application of ANN to predict faults in such a system. The technique analysed the
behaviour of rotating machinery connected to the power unit in defect by using a reference
speed. The data collected from this was then analysed by ANN techniques to detect faults.
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It emerges from this study that the technique helped to reduce the failure research time.
Different faults have been detected and isolated successfully.
The same year, Choong et al. [103] proposed power quality disturbance detection using
AI: a hardware approach. The objective of this study was to model a new system based
on AI techniques to analyse the power disturbances such as sag, transient faults, swell,
fluctuation, normal waveform and interruption. To analyse such a system, the authors
used WT to extract some disturbance feature in the waveform and then combined ANN
and FL to classify faults disturbance. It emerges from this that the performance of the
classifier is high, and the methodology approach is flexible and simple to implemented.
In 2004, El Safety et al. [104] presented an on line fault detection of transmission
line using ANN. The objective of this study was to detect faults in transmission lines
based on pattern recognition using ANN. An electronic circuit device was designed and
connected directly to the high voltage transmission line in order to transfer live data to
the PC. Data were captured from a direct simulation using PSCAD software and the
Matlab program was used to implement the ANN algorithm. The problem with such a
system configuration is that data transmitted could be corrupted or affected because of
relay failure. All the systems become operational only if the relay can perform well. This
configuration could be a major drawback of this study. The same year, Khorashadi-Zadeh
et al. [105] proposed a novel approach to detect high impedance faults using ANN. The
authors generated spectral frequency by the non-linearity of the earth return path and
used an ANN technique to evaluate a low voltage and current harmonics. The results
from this work indicates that the system reacts quickly to high frequency and has a good
success in its detection rate.
Earlier in 2004, lzzularab et al. [106] published a paper on the line diagnosis of incipient
faults and cellulose degradation based on AI techniques. The aim was to detect incipient
faults and cellulose degradation in electrical transformers using dissolved gas analysis.
Faults were analysed using AI techniques such as ANN and FL. A comparison between
the studied technique and reported methods was also made. This study indicates that the
technique based on AI has the highest classification compared to conventional methods.
In 2003, Siddique et al. [107] proposed a review of the AI technique applications for
fault diagnosis in induction machines. Up to a hundred publications have been reviewed
and the authors have classified these publications in terms of general texts, standards and
patents, review papers and stator fault types as well as various AI techniques. It emerges
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from this survey that AI techniques have been used in different fields of the power system
with major success as to diagnose faults.
Stacchini et al. [108] in 2001 located faults in electrical power systems using intelligence
system techniques. The aim of this work was to extend the concept of fault detection
using ANN techniques. The methods were used to identify fault information from the
alarm in the control room and utilise it to classify and locate faults. The data used are
from the Brazilian system operator. It emerges from this study that correct predictions
could be obtained even with data loss, protection device failure and noise data.
In 2000, Butler et al. [109] proposed a neural net-based approach for fault diagnosis in
distribution networks. The aim of this proposed approach was to bring in human analysis
in the form of algorithm programs to classify different faults that may occur in distribution
systems. The technique used the three-phase fault current as the inputs to the neural
net-based approach to detect low or high impedance faults. These fault types may not be
detected using ordinary over-current protection apparatus since the fault current could
be small. This study shows that the fault analysis can have three functions which gives
preliminary fault locations for power system distribution.
Earlier in 1998, Fahmida et al. [110] suggested a modular methodology for fast fault
detection and classification in power systems. The aim of this research was to design a
modular integrated approach that will be used to detect faults quickly in power systems
and which does not rely on the utilisation of mathematical models. Three modules were
designed for fault indication, fault testing and fault classification. To create a sensitive
fault indicator, wavelet theory and signal processing were used whereafter the indicators
were analysed using ANNs. The presented study used two different models as fault
generator indicators, namely the model-free and the model-based. It emerges from this
analysis that the presented model could be developed for a huge operative tool in a
dynamic system. However, this study presented only one model which is the model-free.
2.4 Literature Review Analysis
The literature review highlighted recent and older publications in the fields of multiphase
transmission line and AI techniques applied in power systems. To identify a large number
of publications that reflect the importance of the fields studied, it was necessary to review
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Figure 2.1: Histogram of Various Transmission Line Systems Reviewed.
papers from almost 20 years back. Figure 2.1 and Figure 2.2 respectively present the
overview of publications in multiphase systems including three-phase and different AI
techniques which were reviewed.
Several studies are based on double three-phase systems and were analysed as a multi-
phase or as a six-phase systems to determine the interaction of one circuit with the other.
Those studies have shown how to practically transform a double three-phase circuit into
a six-phase line. In Figure 2.1 a double three-phase circuit has been analysed as a three-
phase line and it is shown that the more studied transmission lines after a three-phase line
are successively the six-phase, twelve-phase and four-phase lines. However, a nine-phase
line has not yet been implemented. In Figure 2.2 it is shown that ANN is the most used
AI technique while CNF and DT techniques are respectively the least used.
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Figure 2.2: Histogram of Artificial Intelligence Techniques Reviewed.
2.5 Conclusion
Many AI techniques applied in power system fields propose in this chapter and the most
used is ANN. FL seems to be difficult to implement due to the rules that first must be
defined. It remains obvious that today, the most used transmission line systems remains
the three-phase system and the search for defects remain a major difficulty to overcome by
the maintenance teams. However, it has been shown that multiphase systems will carry
more power than the existing system and such a system still needs to be maintained. At
the end of this literature review it is shown that much research has not yet been done in
the field of multiphase systems, especially in nine-phase transmission lines. If it became
possible to transmit electrical energy in nine-phase how this could be done?
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Theories of Transmission Line
Design
3.1 Introduction
The multiphase line concept was for the first time presented by Barnes and Barthold in
1972 [12]. They showed that a multiphase system will transmit more power than the
existing three-phase system. Nowadays, the supplier companies in charge of the energy
transmission use the technique of increasing the line voltage to transmit more power or
they construct other lines in parallel [11,65]. This procedure is not without consequences
and there are various effects to take into account when increasing an electrical line’s power.
they include steady state system operation, environmental and electrical aspects of the
radio noise, magnetic and electric fields at ground level, audible noise and the systems
voltage nomenclature.
According to a Japanese study by Toshiba, the increase in the line voltage would
reduce the number of defects on lines. At 500 kV transmitted, the number of single phase
to ground faults that occur on lines is about 84.4% over a total fault of 32, whereas it is
about 48.8% over a total fault of 2254 that occurred in electrical lines of 66-77 kV [58].
This could be because of the metal structure and the height of the very high voltage line’s
towers. Therefore, a nine-phase transmission line studied could supply a high volume of
load but also could be free from several defects.
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3.2 Generalities of the Transmission Lines
The designs of high voltage transmission lines are always similar. Their design includes the
following steps: construction of the foundation and set of the grounding, tower installation,
shield conductor installation, set of insulators and the cables.
3.2.1 Towers and Grounding
The choice of the tower structure depends on several parameters such as the lifetime of
the line, the economic environment, the environment aspect where the line is constructed
(mountain, nature reserve, climate, dwelling) and the legislation. In general, a tower of
a transmission line has many structure types. There are nine different types of towers
that can be used in transmission line developed by Power Technologies Inc. such as
a lattice self-supported horizontal structure, lattice self supported semi-delta structure,
lattice self supported delta structure, lattice H-frame horizontal structure, lattice guyed-V
horizontal structure, lattice guyed single column delta structure, tubular steel H-frame
horizontal structure, tubular steel Y-type horizontal structure and tubular steel single-
shaft modified delta structure [1]. The choice of a tower structure depends on the line
voltage, the aesthetics and the environment in which it is deployed. In high voltage
transmission lines, the tower represented in Figure 3.1 is the most used and is generally
made of stainless steel. The tower footing resistance should be 10 Ω and should not be
more than 20 Ω under any condition throughout the year. In general, the earth resistance
depends on soil resistivity which is equal to 100 Ω [1].
3.2.2 Insulators
Insulators are electrical equipment that isolate the active cable from the tower. The
insulators are made from porcelain which is a well-known material that resists the current
and also from other material such as glass or composite polymer materials. The number
of discs which constitutes the size of an insulator increases with the line voltage. Table 3.1
presents the number of insulator discs that correspond with the line voltage. In practice
the insulator disc number can be increased if the line is in an environment subject to
harsh atmospheric conditions [1].
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Figure 3.1: Lattice Tower Self-Supported Horizontal Structure [111].
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3.2.3 Cables
There are two types of electrical cables in overhead transmission lines namely the shield
wire lightning protection and the conductors.
 The shield wire is a protective cable which is always located above the conductor
and its function is to protect the line against lightning. The shield wire section is
generally smaller than the conduction section and it is usually made of aluminium
type ACSR. The functionality of the protection cable is based on the fact that
when lightning strikes an electrical line, the protection cable located at the top of
the structure receives the electric charge first and brings it back to the ground.
This keeps the line voltage and the current constant. There are several methods of
earthing such as direct grounding and grounding through a reactance as well as a
grounding through a resistance [112].
Direct grounding is easy to deploy and limits surges. The disadvantage of this
system is that at the moment of defect, the entire fault current is directly returned
to the earth. This can cause serious damage because the current is not limited.
This solution should therefore be applied only at low voltage because the value of
the fault current remains low [112].
The grounding through reactance is used in high voltage. Two different types of
reactance exist and can be used in this case, such as tuned reactance and limit-
ing reactance. Protection relays are used to obtain the selectivity because these
protection relays are sensitive to the active component of the homo-polar current.
Limiting reactance can only be used if the limiting impedance has a small value if
not, this solution may produce over-voltage [112].
The grounding through a resistance remains the most commonly used method be-
cause the precise choice of a grounding system depends on certain network factors
such as the voltage level, the extent of the network and the nature of the apparatus.
 Conductors are made of aluminium due to its low cost and its lighter weight com-
pared to copper or in copper due to its high conductivity or in an alloy. They rep-
resent the main elements which allow the current to be conveyed to the consumers.
When a transmission line is crossed by a current, it behaves like a capacitor and
we will distinguish four essential parameters namely a shunt conductance, a series
inductance, a shunt capacitance and a series resistance.
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The shunt capacitance and series inductance are parameters which come from the
presence of magnetic and electrical fields on every side of the conductors. These
parameters depend on the conductors'geometrical arrangement. The two wire line











Where, d is the distance between the centres of the conductors, r is the radius of the


































) and substituting µ0 = 4π.10
−7, Equation 3.2 becomes














The shunt conductance is due to current loss. In simulation, this parameter could be
neglected if the percentage of current loss in the overhead line compared to the nominal
current is too small. The series resistance is on the physical composition of the conductor
at a given temperature. This parameter depends of the type of materials (copper or
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Figure 3.2: Spacer Damper for Three Cables [113].
A: conductor cross section
Alternative current (AC) resistance of a conductor depends on RDC . The current
stays uniformly distributed over the conductor’s section if the DC current is flowing in.
However, if AC current is flowing in, the conductor effective resistance is higher due to
the line’s frequency and skin effect [20].
The use of bundle conductors per phase will reduces the reactance, reduces conductor
to ground surface voltage gradients and then reduce the corona loss as well as the radio
interferences. To use bundle conductors, the spacer damper represented in Figure 3.2
should be utilised to connect different phase conductors.
3.2.4 Cable Sag
Transmission lines must be built and placed in an environment where the possibility of
causing damage to people is zero, especially when the line is powered. However, heat,
atmospheric conditions, line current, the distance between the towers result in cable sag.
In 400 kV, the distance between two pylons is 350 m, taking an average distance of 1 m
for each 1000 Volts [114]. Despite the cable sag, conductors must maintain a safe distance
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Figure 3.3: Mathematics Representation of a Cable Sag.
between them and between their initial position and the ground at all times. To do so,
it is suitable to determine the distance sag of the conductor. A transmission line crossed
by an electric current causes heat due to the Joule effect. Electrical cables are prone to
stretch under the effect of heat. The load increases, which causes an increase of the line
current and climate change could increase the cable sag. It is then unavoidable to sketch
the system and determine the limit of the cable sag. The mathematic representation of a
cable sag is presented in Figure 3.3.
The equation of a chain could be applied either in a three-phase line or in a nine-phase
line. These equations are as follows:
























The sag is the height h between the two points of the cable attachment and the lowest
point.






















Where, h : is the horizontal distance between the point where the sag of the cable is
at its maximum and the origin of the cable
l : is the curve distance between the point where the sag of the cable is maximum and
the isolator
a : is the maximum sag of the cable
x0, y0 are the Cartesian co-ordinates
It could happen that for both systems, the mechanical parameters will stay the same.
These equations developed above can then be applied in order to determine the conduc-
tors'sag. The length of the isolators is essential to determine the maximum sag which
is linked to the line voltage via the number of disc-shaped pieces of porcelain. The sag
of the cable in Equation 3.11 depends on the chemical characteristics of the cable. The
electrostatic field generated by a transmission line measured at ground level in Volts/m
must correspond with the values presented in the Table 3.2. Figure 3.3, Ymin indicates the
vertical position of the conductor with respect to the ground at mid-span. In practice,
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Table 3.2: The Limit of the Cable Sag in Terms of the Line Voltage [114].
Line Voltage (kV)







to determine the admissible cable sag the height of the lowest conductor as presented in
Table 3.2 should be used and the Equation 3.12 computes.






Sag = YTower − Ymin
(3.12)
3.2.5 Spacing between Phase Conductors
Depending on the available parameters, several methods could be used to determine the
necessary distance between two conductors. They are Mecomb’s formula which used the
line voltage, the conductor’s diameter and the cable sag as well as the weight of the
conductor; Still's formula which only used the average span length and the line voltage;
Swedish formula which used the line voltage and the cable's sag and the French formula
which used the line voltage, the cable's sag and the length of the insulators.
Equation 3.13 and Equation 3.14 respectively present the French and the Swedish









S + 0.7U (cm) (3.14)
Where, S is the cable sag in centimetre and U the line voltage in kV and L represents the
length of the insulator in centimetre.
The vertical phase gap (Xph) presented in Figure 3.4 for a transmission line depends
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Sagmax + Li (m) (3.15)
UN : Nominal voltage
K: Coefficient depending on the nature of the cable
Sagmax: Maximal admitted (m)








Figure 3.4: Admissible Sag and Vertical Phase Gap.
3.2.6 Nine-Phases’ Transposition
Even if the line’s currents are balanced, the asymmetrical conductor spacing may produce
a change of phase inductance which will result in an unbalanced voltage drop. This
unbalanced voltage drop induces currents and voltages in the neighbouring lines [20]. For
this purpose, it is advisable to transpose the phases as many times as the phase number
of the phase during the transmission at regular intervals to cancel the induced currents
as shown in Figure 3.5 for a nine-phase system.
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Figure 3.5: Phase Transposition of a Nine-Phase Transmission Line.
If the transmission line has three phases, it is advisable to transpose the phases of
the transmission line three times and if it is a nine-phase to transpose it nine times. In
practice, this is usually done at the level of the substation. However, it remains difficult
to transpose the phases at regular distances because this is usually done at the substation
level and their position in the grid depends on various parameters such as the legislation,
the geographic and the installation security as well as the cost of materials.
3.3 Short-Circuit Analysis of a Nine-Phase System
The majority of transmission line defects are due to short-circuits and the majority of
faults are asymmetrical. The short-circuit current calculation for unbalanced faults is
usually done by the application of the symmetrical components. There are no advantages
in using the symmetrical components if the mutual coupling between the line components
is not respected. Faults between the faulty phases are limited in the analysis with the
application of the symmetrical components, in this case the application of the phase frame
method is necessary [115]. To analyse an asymmetrical fault using a symmetrical method
some researchers also use the Thevenin method.
The phase frame method was presented by Kersting for the first time in 1980 [115].
This section uses it to analyse the short-circuit of an unbalanced nine-phase transmission
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i = 1, 2, 3, ...9
g
Figure 3.6: Nine-Phase Short-Circuit Model.
line represented in Figure 3.6 where ZTot is the equivalent matrix impedance of Thevenin,
Zf is the fault impedance and the voltage source is represented by V1, V2, V3 . . . V9. The
importance of analysing the short-circuit currents of the transmission line is that all
mathematic equations written will allow us to classify all different fault types.








































Knowing that [Yeq] = [Zeq]
−1, Equation 3.17 can be used to determine the current in
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If1 = IP1 − (Y11V1i + Y12V2i + Y13V3i + Y14V4i + Y15V5i + Y16V6i + Y17V7i + Y18V8i + Y19V9i)
−Y1Vig
If2 = IP2 − (Y21V1i + Y22V2i + Y23V3i + Y24V4i + Y25V5i + Y26V6i + Y27V7i + Y28V8i + Y29V9i)
−Y2Vig
If3 = IP3 − (Y31V1i + Y32V2i + Y33V3i + Y34V4i + Y35V5i + Y36V6i + Y37V7i + Y38V8i + Y39V9i)
−Y3Vig
If4 = IP4 − (Y41V1i + Y42V2i + Y43V3i + Y44V4i + Y45V5i + Y46V6i + Y47V7i + Y48V8i + Y49V9i)
−Y4Vig
If5 = IP1 − (Y51V1i + Y52V2i + Y53V3i + Y54V4i + Y55V5i + Y56V6i + Y57V7i + Y58V8i + Y59V9i)
−Y5Vig
If6 = IP1 − (Y61V1i + Y62V2i + Y63V3i + Y64V4i + Y65V5i + Y66V6i + Y67V7i + Y68V8i + Y69V9i)
−Y6Vig
If7 = IP1 − (Y71V1i + Y72V2i + Y73V3i + Y74V4i + Y75V5i + Y76V6i + Y87V7i + Y88V8i + Y89V9i)
−Y8Vig
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
Y1 = Y11 + Y12 + Y13 + Y14 + Y15 + Y16 + Y17 + Y18 + Y19
Y2 = Y21 + Y22 + Y23 + Y24 + Y25 + Y26 + Y27 + Y28 + Y29
Y3 = Y31 + Y32 + Y33 + Y34 + Y35 + Y36 + Y37 + Y38 + Y39
Y4 = Y41 + Y42 + Y43 + Y44 + Y45 + Y46 + Y47 + Y48 + Y49
Y5 = Y51 + Y52 + Y53 + Y54 + Y55 + Y56 + Y57 + Y58 + Y59
Y6 = Y61 + Y62 + Y63 + Y64 + Y65 + Y66 + Y67 + Y68 + Y69
Y7 = Y71 + Y72 + Y73 + Y74 + Y75 + Y76 + Y77 + Y78 + Y79
Y8 = Y81 + Y82 + Y83 + Y84 + Y85 + Y86 + Y87 + Y88 + Y89
Y9 = Y91 + Y92 + Y93 + Y94 + Y95 + Y96 + Y97 + Y98 + Y99
(3.21)
Equation 3.20 becomes the principal equation which will permit the determination of
the short-circuit current. There are nine equations with 19 unknowns such as If(123...9),
V(123...9)i and Vig. Other variables are known functions that depend on the total impedance
of the line. To solve Equation 3.20 it is necessary to establish some conditions which
exclusively depend on the fault type simulated.
 If there is a nine-phase fault, the conditions are
V1i = V2i = V3i = · · · = V9i = 0
and
I1 + I2 + I3 + · · ·+ I9 = 0
(3.22)
 If there is nine-phase to ground fault, the conditions are
V1i = V2i = V3i = · · · = V9i = Vig (3.23)
 If there is a double phase fault i.e. phase 2 to phase 3 fault then, the conditions are
V2i = V3i = 0
and
If1 = If4 = If5 = If6 = If7 = If8 = If9 = 0
If2 = If3
(3.24)
 If there is a double phase faults to ground i.e. phase 2 to phase 3 to ground then,
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the conditions are 

























 If there is a single line to ground fault i.e. phase 1 to ground{
V1i = Vig = 0
If (234 . . . 9) = 0
(3.26)
These equations in this section demonstrated that, it is possible to determine the current
that flow in each phase simultaneously without limitation as in the case of the symmetrical
component method.
3.4 Differential Equations of the Transmission Line
Fault location in transmission lines is important and to achieve it some differential equa-
tions are needed. If we simplify Figure 3.6 as represented in Figure 3.7, two equations
can emerge from this equivalent circuit such as the equation for the currents IS = IR
and the equation for the voltages VS = VR + ZIR. In Figure 3.7, Z represents the total
impedance of the line which can be detailed as shown in Figure 3.8 where R, L, C are the
line constants, V (X + ∆X) and I(X + ∆X) respectively the voltage and the current at
the position (X + ∆X). ∆X is the length of the line, V(X) and I(X) are respectively the
voltage and the current at the position X.
The circuit constants are Z = R + jLW (Ω/m) and γ = G + jCW (S/m) where G is
neglected for the overhead lines.
In transmission lines, the voltage send should be equal to the voltage received so, some
equations could emerge from Figure 3.8.
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ZVS VR
IS IR
Figure 3.7: A Simplified Transmission Line Model.
X X + ∆X
V(X) V (X + ∆X)
I(X) Z∆X I(X + ∆X)
γ∆X






Similarly the equation of the current can be written as follows.







= γV (X) (3.30)
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Equation 3.28 and Equation 3.30 are two linear first order, homogeneous differential










− ZγV (X) = 0 (3.32)
Equation 3.32 is a linear second order, homogeneous differential equation with one un-
known, V(X) with the solution in Equation 3.33.
V (X) = A1e
βX + A2e
−βX (3.33)






























A1 and A2 are determined from a condition at x = 0, which is the receiving end of the
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line. The voltage and current received are
VR = V (0)
IR = I(0)
(3.39)
at x = 0, from Equations 3.33 and Equation 3.38{





























































The solutions of Equation 3.42 can be written as follows.
{






It is clear that when using Equation 3.43 it is possible to determine the voltage and the
current at any point X over the transmission line [116]. If the voltage and the current at
the sending and at the receiving end of the line are given and collected at the moment of
the faults, it is possible to determine the exact distance where the fault occurred. At the
sending end of the line, X = l (the length of the line) so, Vl = VS and Il = IS. Such a
computation can be used in three-phase or in nine-phase transmission lines because this
does not take into account the number of the phases.
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3.5 Clarke’s Transformation of a Nine-Phase System
In fault analysis, many methods could be used such as symmetrical component, the
Thevenin method or Clarke's transformation. However, Clarke's transformation oper-
ates in the time domain and provides the exact result, while the symmetrical component
produces the approximate results.
The application of Clarke’s transformation is well known in transmission line works
especially in three-phase systems [3, 4]. The motivation for various transformations is
the prospective approach to transient analysis. As the eigenvalues of any square matrix
are single, all diagonalisation approaches on the Z matrix produce the same sequence
impedance [117]. So, in three-phase systems the eigenvalues of Z are
Z =
Zss Zsm ZsmZsm Zss Zsm
Zsm Zsm Zss
 (3.44)
With Z0 = Zss + 2Zsm and Z1 = Z2 = Zss − Zsm
For n-phase systems, when Z is of a similar form, the impedances (Z) of the system
are equal only Z0 will depend on the number of phases so, the eigenvalues are
Z0 = Zss + (n− 1)Zsm
Zi = Zss − Zsm
(3.45)
With i = 1, 2, 3, . . . n− 1
As can be proved by substitution into det(Z −λI) = 0 where, λ is the eigenvalue, I is
the identity matrix and det(.) indicates the determinant. For a three-phase system, the






















In order to extend this three-phase to an n-phase Clarke's transformation matrix (TCn), if
ei is column i of (TCn) then the equivalent eigenvalue is Zj. For i = 1, Z0 = Zss+(n−1)Zsm
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and the eigenvector is
(Z − λiI)ei = 0 7−→ (Z − (Zss + (n− 1)ZsmI))ei = 0 (3.47)
If we write Equation 3.47 in the matrix form as Equation 3.44, it gives
−(n− 1)Zsm Zsm ZsmZsm −(n− 1)Zsm Zsm
Zsm Zsm −(n− 1)Zsm
 e1 = 0 (3.48)



















All values of the first column (e1) known as eigenvalues (Z1, Z2, . . . Zn) are repeated
and equal to Zss − Zsm.
If we substitute Zi from Equation 3.45 into Equation 3.47 it gives
(Z − (Zss − Zsm)I)ei = 0 (3.50)
where i= 2, 3, 4 . . . n
If we write Equation 3.50 in the matrix form as Equation 3.44, it gives









Zsm · · · · · · Zsm
 ei = 0 (3.51)
ei is orthogonal to e1 and a normal selection of ei values is random values in the
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top i rows and equal values at the bottom n − i rows. So, e2 could be in the form of
[e12 e22 . . . e22]
T and e3 in the form of [e13 e23 e33 . . . e33]
T . employing the fact
that ‖ei‖ = 1 and ei× ej = 0, find a number q in the equation 3.53 where n is the number
of phases and i a corresponding row and determine the eigenvector ej.




) is determined at the row (n), (
−1√
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In general, Clarke’s transformation matrix for a nine-phase system (Tc9φ) is the Equa-
tion 3.54 that could be determined using these three steps:
 Determine all the values in the first column of the matrix using Equation 3.49
 Determine all values in the rest of the matrix using Equation 3.53
 Determine the number “q”in the Equation 3.53 using Equation 3.52
56






















































































































3.6 Transmission Line Performance of the Power
Transfer
The transmission line’s performance could be evaluated in terms of the power volume
transmitted or in terms of the maintenance procedure. Transmission line maintenance is
necessary to ensure its performance and smooth running. An electrical grid is very large
and it is critical to simplify the physical reliability tests and performance procedures. In
terms of power evaluation, computer simulations remain one of the best ways to evaluate
the power capacity transferred from the sending to the receiving end of the line and to
perform the reliability as well as the tests performance. In a multiphase system the voltage
can be evaluated as follows:





U : Nominal voltage
V : Phase to ground voltage
N : Number of phase
From Equation 3.55 the ratio U
V
= 2 sin( π
N
). If the number of phase is equal to three, the
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ratio will be equal to
√
3 and if the number of phase is equal to nine, the ratio will be
equal to 0.4
√
3. It means the power transferred capacity will increase by 40% due to the
voltage if the number of phase increases from a three to a nine phase system. In theory,
the Vrms values are always the same in each phase of the system, either in three-phase
or in multiphase system i.e. V1 = V2 = . . . = VN . To calculate the multiphase’s power
transferred, Equation 3.56 is used.
S =






In a three-phase system the transmission line’s power, according to the formulas in





Knowing that, the voltage in a nine-phase system could increase by 40% as demon-








S: Transmission line’s power
ZS: Surge impedance
Xph: Reactance per phase
VS: Phase to ground voltage at the sending side
VR: Phase to ground voltage at the receiving side
Pθ: Transmission line’s power angle
Equations 3.57 and 3.58 have shown that a nine-phase system will multiply the trans-
mitted power by six, which could be enough to compensate for the cost of material of
this new system and challenge the high voltage direct current (HVDC) technique used
nowadays to transmit high volume of power.
Computer programs are used to test the transmission line’s capacity to withstand
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disturbances from various origins such as winds, storms, abundant moisture, extreme
heat, over-load power, voltage drop, cable strain, grid conductivity and short-circuit tests.
The impact of the studied system can therefore be transferred or applied on a practical
transmission line under simulated scenario conditions.
3.7 Power Loss in Overhead Transmission Lines
All overhead transmission lines suffer of heat dissipated from the conductor resistance
which causes Joule’s losses. The well known Joule’s effect equation for transmission lines
is given in Equation 3.59.
Pj = I
2R (W ) (3.59)
Where,
Pj: Power loss due to Joule’s effect
I: Conductor current-carrying (A)
R: Resistance of the conductor (Ω)
Knowing that a nine-phase transmission line has more conductors than a three-phase
transmission line system, it is obvious that in nine-phase, the heat dissipation from the
conductor resistance will be greater than in a three-phase system. In practice or in
simulation, the easiest way to measure the power losses on transmission lines is to subtract
the power sending measured at the beginning of the line from the power received measured
at the end using two distinct wattmeters.
3.8 Conclusion
This chapter studied the theories of electrical engineering that can enable the design of
a nine-phase transmission line system. A study of cable and cable sag, towers, insulators
and grounding system was made. It was shown how, if it happens that a nine-phase system
becomes feasible, it is necessary to transpose the cables to reduce the currents induced in
the neighbouring lines. It was also demonstrated that a nine-phase system could transmit
up to six times more power than a three-phase system. As all electrical systems may
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be subject to various defects due to short-circuits, phase frame methods were used to
analyse the line and its advantages against symmetrical components analysis. In the
same way, Clarke’s transformation for a nine-phase transmission line was developed and
the nine-phase system line’s performance was demonstrated. However, the transmission
lines studied required a lot of work time to achieve the results. It is therefore necessary to
use appropriate software to save the time. One of these software programs used to analyse
a line is Matlab/Simulink. This software can be used successfully to design a nine-phase








There are several software types based on the electro-technology principles that allow the
design, simulation and processing of data of a transmission line. On the academic side
and especially in the research environment, one of the most used software program is
Matlab/Simulink.
The objective of this chapter is to use Matlab/Simulink software to build a trans-
mission line such as a nine-phase system in order to study its behaviour during fault
occurences or in normal conditions. The fundamental parameters of a transmission line
(R, L, C) will be determined for a nine-phase system and a comparison of the power
transfer will be done between a three-phase versus a nine-phase system ,including the
power losses.
4.2 Utilisation of Matlab/Simulink Software
Simulink is Matlab’s graphical software developed by Mathworks to design, analyse and
simulate different systems of the engineering fields [118]. Its interface is a graphical block
diagram tool and a customisable set of block libraries. The most important library used
in this study for a nine-phase transmission line design, where the majority of tools can
be found, is “Simscape”. Figure 4.1 presents a general view of the Simulink library.
Therefore, after selecting different equipment in the library such as line, Powergui,
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Figure 4.1: A General View of the Simulink Library.
power plant, circuit-breaker, loads, measurement equipments, transformers which are nec-
essary to design a transmission line, they were connected.
4.3 Nine-Phase Setup
In Simulink, tools used to design a transmission line are single-phase or three-phase blocks.
To design a nine-phase transmission line system, all equipment must be well settled i.e.
nine single-phase voltmeters were used to design the nine-phase system’s voltmeter and
nine single-phase ammeters were used to design the nine-phase system’s ammeter. To
protect the line three three-phase circuit-breakers as shown in Figure 4.2, where suc-
cessfully used as a nine-phase circuit-breaker model. However, this could only be done
in simulation because in practice the open time of the circuit breaker’s poles must be
synchronised. Knowing that it is not new to protect each phase in transmission using
a single-phase circuit-breaker, this can also be applied in a nine-phase transmission line.
For practical use a design of a nine-phase circuit-breaker could be studied. The three
three-phase circuit-breakers that were used in the present simulation did not affect the
results obtained when they were removed or replaced with single-phase circuit-breakers.
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Figure 4.2: A Nine-Phase Circuit-Breaker Model Used in Simulation.
To measure the power transmitted and received, two wattmeters were designed with
a combination of nine voltmeters and nine ammeters, as shown in Figure 4.3, for the
internal circuit and in Figure 4.4 for the subsystem that permitted reading the values
obtained. One was connected at the beginning of the line and another at the end of the
line.
The voltage and the current sent and received can be read at the beginning and at the
end of the line using the subsystem as shown in Figure 4.5, Its internal circuit is shown
in Figure 4.6.
After all the nine-phase equipment was designed, the rest of the procedure consisted
setting up the line using the “Powergui”to determine the R, L, C line’s parameters which
will be uploaded in the block parameters line in Figure 4.7. The parameters to be uploaded
in the block parameters line are the number of phases, the frequency of the grid, the length
of the line and the the R, L, C parameters. These R, L, C parameters depend exclusively of
the cable’s characteristics (conductors and protection cables), the geometry of the cables
at the tower, the ground resistivity and the frequency of the grid.
All the cables’ characteristics (T/D ratio, number of conductors per bundle, bundle
diameter and angle of the conductor) that were needed to compute the R, L, C parameters
are presented in Table 4.1. These parameters are the line’s characteristics named “MASA
NGWEDI 400 kV Line”, which were provided by ESKOM Ltd, the main electrical energy
supplier in South Africa.
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Figure 4.3: Wattmeter Internal Circuit.








Number of the Conductors /Bundle 3
Bundle Diameter (mm) 450
Angle of the Conductor (degree) 60
In Table 4.1 the T/D ratio represents the evaluation of the AC resistance where T is
the thickness of conducting material of the conductor and D is the outside diameter of
the conductor.
The Powergui in Figure 4.8 was completed using the cables’ parameters as shown.
For a set of nine-phase studied, Simulink calculates a matrix of 9×9 dimension for the
resistance, the inductance and the capacitance of the line. These matrices are necessary
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Figure 4.4: Subsystem of the Wattmeter.
Figure 4.5: Subsystem of the Voltmeter and the Ammeter.
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Figure 4.6: Voltmeter and Ammeter Internal Circuit.
for the distributed parameter line block to design a nine-phase transmission line. At
the upper-left section of Figure 4.8, parameters such as the units, the ground resistivity
and the frequency were entered. At the upper-right section, the Y tower, the number of
conductors, the number of phases, the Y min of the conductors, the line geometry and the
conductor types were entered. The section of the conductor types at the bottom defines
each type of the conductors’ characteristics.
In the drop down list, if you choose to set the conductor’s diameter in centimetres and
conductor position in meters, “metric”should be selected or if you choose “English”the
conductor position and conductor diameter will be respectively in feet and in inches.
After doing this, the R, L, C parameters could now be computed by clicking on the
button “Compute R, L, C parameters”and the Figure 4.9 is obtained.
The last step was to select the “line”in the transmission line model and to send the
R, L, C matrices or the sequence parameters in the block parameters. However, in the
transmission line more than three phases, only R, L, C matrices, are available to be
uploaded into the block parameters line in Figure 4.7.
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Figure 4.7: Block Parameter System.
4.4 Short-Circuit Line Observation
In view of short-circuit current and voltage values obtained when the line was facing a
fault, the following analyses were made.
 As in the three-phase system, when a fault occurred in the nine-phase system all
phases are affected.
 When a defect occurs on the line, the short-circuit voltage’s value increases very
quickly compared to the current’s value and these short-circuit values decrease when
we move away from the generation point towards the receiving end of the line while
the short-circuit current increases in the opposite direction.
 When a fault occurs on one of the phases the ratio between the voltage at the
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Figure 4.8: Powergui Compute RLC Line Parameter Tool.
sending end of the line over the voltage at the receiving end of the line is around
150%. However, this percentage changes according to whether the fault occurs in
the near or far phase from the phase in defect.
 Changing the sample time will influence the short-circuit voltage and current values
and the ones used in this study is 0.2 second. However, the sample time chosen
must be maintained during all the processes of the short-circuit analysis.
 When a defect occurs somewhere at the middle of the line, the short-circuit current
and voltage values will increase at the receiving end of the line but will decrease at
the sending end of the line close to the power plant.
 Short-circuit current and voltage value phase to phase faults are always greater than
phase to ground faults.
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4.5 Results Obtained and Discussion
In this section, the results obtained from the R, L, C line parameters for a nine-phase
system are presented and discussed.
Figure 4.9: RLC Line Parameters Obtained.
The R, L, C parameters presented in Figure 4.9 are shown in Equations 4.1, 4.2 and
4.3. The final nine-phase transmission line designed and obtained is presented in Figure
4.10.
This nine-phase line was designed with the purpose of using its data such as the faults
current and the faults voltage to classify and predict their location. The 200 km total
length of the line was divided to five zones of 40 km equal distances and five circuit-
breakers fault were connected into the system in order to analyse it, if a fault occurred.
The design of a transmission line using the Matlab/Simulink software, whether a three-
phase or multiphase system follows the same procedure but the difference lies at the level
of R, L, C parameters obtained which are a matrix of 3×3 dimension in a three-phase
and 9×9 in a nine-phase system. These R, L, C line parameters allow various simulations
to evaluate the power transmitted by the system and to measure the Vrms in various
phases of the system. It can be seen from the R, L, C matrice’s equations obtained that
the values at each row is equal to the transposed values at each column. The values of
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0.0918 0.0680 0.0673 0.0658 0.0661 0.0657 0.0646 0.0648 0.0645
0.0680 0.0929 0.0680 0.0663 0.0667 0.0663 0.0651 0.0653 0.0651
0.0673 0.0680 0.0917 0.0657 0.0661 0.0658 0.0645 0.0648 0.0646
0.0658 0.0663 0.0657 0.0887 0.0647 0.0643 0.0634 0.0635 0.0633
0.0661 0.0667 0.0661 0.0647 0.0893 0.0646 0.0636 0.0639 0.0636
0.0657 0.0663 0.0658 0.0643 0.0646 0.0887 0.0633 0.0635 0.0634
0.0646 0.0651 0.0645 0.0634 0.0636 0.0633 0.0868 0.0627 0.0625
0.0648 0.0653 0.0648 0.0635 0.0639 0.0635 0.0627 0.0872 0.0627






0.0019 0.0008 0.0007 0.0008 0.0008 0.0007 0.0007 0.0007 0.0006
0.0008 0.0019 0.0008 0.0008 0.0008 0.0008 0.0007 0.0007 0.0007
0.0007 0.0008 0.0019 0.0007 0.0008 0.0008 0.0006 0.0007 0.0007
0.0008 0.0008 0.0007 0.0019 0.0008 0.0007 0.0008 0.0008 0.0007
0.0008 0.0008 0.0008 0.0008 0.0019 0.0008 0.0008 0.0008 0.0008
0.0007 0.0008 0.0008 0.0007 0.0008 0.0019 0.0007 0.0008 0.0008
0.0007 0.0007 0.0006 0.0008 0.0008 0.0007 0.0019 0.0008 0.0007
0.0007 0.0007 0.0007 0.0008 0.0008 0.0008 0.0008 0.0019 0.0008




C = 1.0e− 08×

0.9035 −0.1311 −0.0424 −0.1531 −0.0696 −0.0249 −0.0464 −0.0251 −0.0120
−0.1311 0.9350 −0.1311 −0.0709 −0.1279 −0.0709 −0.0259 −0.0315 −0.0259
−0.0424 −0.1311 0.9035 −0.0249 −0.0696 −0.1531 −0.0120 −0.0251 −0.0464
−0.1531 −0.0709 −0.0249 0.9409 −0.1035 −0.0241 −0.1365 −0.0597 −0.0170
−0.0696 −0.1279 −0.0696 −0.1035 0.9667 −0.1035 −0.0597 −0.1180 −0.0597
−0.0249 −0.0709 −0.1531 −0.0241 −0.1035 0.9409 −0.0170 −0.0597 −0.1365
−0.0464 −0.0259 −0.0120 −0.1365 −0.0597 −0.0170 0.9522 −0.0982 −0.0198
−0.0251 −0.0315 −0.0251 −0.0597 −0.1180 −0.0597 −0.0982 0.9694 −0.0982
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Figure 4.10: Nine-Phase Transmission Line Obtained.
























50 306 310 221.68 230.22 390.86 417.45
400 2500 2531.79 100.86 125.68 684.01 717.68
500 3060 3100.58 85.6 113.22 613.21 657.75
1200 15000 15047.92 19.89 68.39 161.66 300.58
3000 19500 19729.41 15.32 63.32 125.51 276.18
3600 21000 21306.33 13.98 66.12 116.56 273.92
4500 22500 22945.58 12.83 65.47 108.99 270.51
6000 23550 24302.30 12.31 62.58 100.38 268.26
The stability of a network can be determined by evaluating the influence that the load
increase could have on the power transmitted. Figure 4.11 presents both systems which
are under load increase. The test in this case consisted of gradually increasing the value
of the load and to determine its influence on the power transmitted at the beginning and
at the end of the line. The three-phase transmission line system could supply a load up
to 2531.79 MVA without load shedding if the 100 MW threshold that should be measured
at the end of the line is respected. However, when the load is progressively increased till
3101 MVA, the power measured at the receiving end of the line is less than the threshold
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Figure 4.11: Power Comparison: At the Sending End of the Lines.
and load shedding becomes necessary to protect the line against a total blackout.
It can also be seen that the power transmitted by the nine-phase system can supply
more load than that transmitted by the three-phase system. The nine-phase system could
supply up to 10 times more load as shown in Table 4.2 because at the end of the line the
power measured remains higher than the threshold as shown in Figure 4.12 and in Table
4.2. This nine-phase system could supply a load up to 24302 MVA which represents more
than three times the value of the load supplied by the three-phase system. this indicates
that the three three-phase transmission lines built in parallel are not solving the problem
of loads increasing in a good manner. Figure 4.11 and Figure 4.12 represent the graphs
of the results shown in Table 4.2.
It must be mentioned that the studied transmission line stood between two points,
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Figure 4.12: Power Comparison: At the Receiving End of the Lines.
from point A to B, over a distance of 200 km. This study was done while the transmission
line was not connected to any network. The results shown in Table 4.2 may have been
different due to the influence of other transmission lines being connected at the substation.
The results obtained in Table 4.2 are used in order to evaluate the power losses on these
transmission lines. The power losses presented in Table 4.3 are the difference between the
power at the sending and the receiving end of the transmission lines.
It can also be observed in table 4.3 that the power loss in both systems is high and
increase with the load. When the power measured at the receiving end of the line ap-
proached 100 MW of the threshold, the power losses started to increase. However, in the
nine-phase system power losses are higher almost three times higher than the three-phase
system power losses, which can be explained by the fact that a nine-phase transmission
line system will also have three times more conductors than a three-phase transmission
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Table 4.3: Power Losses Comparison of the Two Systems.







Power loss (MW) Power Loss (MW)
50 306 310 8.54 26.59
400 2500 2531.79 24.82 33.69
500 3060 3100.58 27.62 44.54
1200 15000 15047.92 48.5 138.92
3000 19500 19729.41 48 150.67
3600 21000 21306.33 52.14 157.36
4500 22500 22945.58 52.64 161.52
6000 23550 24302.3 50.27 167.98
line. Except for that, if we compare these transmission lines where they are overloaded,
which corresponds with Stotal equal to 2531.79 MVA, the nine-phase system will be per-
forming better.
4.6 Performance of the System
In order to maximise the power transmitted in the transmission system, a study is usually
conducted on a long transmission line system while in the present case, it is a medium
line of 200 km that was analysed. To solve this ambiguity and to demonstrate that
the obtained results can be generalised in other lines such as long transmission lines,
other simulations were conducted. For these three-phase and nine-phase systems that are
respectively characterised by their length of 600 km for both lines with a line voltage of
400 kV were used. The results obtained from the simulations show that the nine-phase
transmission line supplied a load ten times higher than a three-phase-system as shown in
Table 4.4 and in Figure 4.13.
This performance verified the theoretical equations developed in the previous chapter
and shows that the nine-phase system is more effective than a three three-phase system
constructed in parallel. Moreover, at this distance, none of the lines needed to be com-
pensated because the remaining power on line was higher than the 100 MW threshold.
But, when the load increased, the power measured at the end of the lines decreased. At
some loaded point, it is compulsory to compensate the line in order to avoid a blackout.
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Q (MVAR) P (MW)
Power at the











50 306 272.33 291.3 2082.2 4643.44
400 2500 23.14 44.91 158.71 156.7
4500 22500 2.42 34.51 17.18 121.76
6000 23550 2.3 35.5 16.05 122.45
Figure 4.13: Power Comparison in Both Systems of 600 km, at the Receiving End of the
Line.
4.7 Conclusion
This chapter introduced step-by-step design procedure of a nine-phase transmission line
that carries 400 kV over the length of 200 km using Matlab/Simulink software. These
steps could be applied successfully in all transmission line designs, either in a three-phase
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or in multiphase systems. The Simulink software and its library and different equipment
for transmission line design was also introduced.
The idea developed was to be able to supply the biggest cities where many three-phase
transmission lines are required, with a single nine-phase system having the same cable
parameters as it could well be constructed.
The nine-phase model was designed using existing line parameters for the South
African power utility ESKOM Ltd. A second transmission line that has three phases
was also designed in other to compare the results obtained with the nine-phase system.
An analysis of these results shows that the nine-phase line is more stable to load varia-
tions compared to a three-phase line and can supply a load without compensation over
200 km, nearly 10 times more than a three-phase system. These results show that Mat-
lab/Simulink software can be successfully used to design and to analyse transmission line
systems. However, in order to determine the performance of the system, other transmis-
sion lines having a 600 km length that carried 400 kV were simulated and it emerged from
this that a nine-phase line could supply up to ten times the electrical load of a three-phase
system without needing compensation.
It is important to mention that this study does not take into consideration the cost of
material and only focuses on its feasibility in terms of the amount of the power transmit-
ted. This can be noted for further investigation. Knowing that the majority of electrical
equipment is built as three-phase systems, the balanced method will be necessary in order
to maintain the equality of power transfer by each phase.
As this nine-phase transmission line could be subjected to defects which could result
in a total or partial breakdown of power supply in a longer or shorter period, determining
these faults will limit energy interruptions, save time in network maintenance, increase
the line’s efficiency and thus increase the income of electricity supplying companies.
The transport of electrical energy is done via electric lines which are built at a distant
point and carries the electricity to the consumption centres. Transmission lines sometimes
cross towns, villages and even natural reserves such as parks. The challenge often emerges
when a transient failure has put a part of the installation out of service. The operator in
the command and control room must then be able to put back into service this line which
is hundreds kilometres away from him. For that the integrated Supervisory Control and
Data Acquisition (SCADA) system could help to reactivate a circuit-breaker or evaluate
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the area affected by the defect as well as its location. The problem with such an application
is the deployment cost, the maintenance cost, the reaction time and the system reliability
because the computer may be subject to defects.
The use of new AI techniques therefore solves these problems. These techniques em-
ploy large-scale data analysis with the advantage that they are not connected to the grid
when they are evaluating and can be transported from one line to another without re-
striction. The operator in charge of the control will no longer need to remain permanently
in the control room and this system requires almost no financial input to begin its de-
ployment and its effectiveness depends on the program used for data analysis. Its yield
is approaching 100%.
One of the problems the SCADA system has is computer security. Connected to the
network, this system can be injected with viruses by government or terrorist organisations.
The company in charge of the energy supplied is thus confronted with two major problems
which are the management of the electrical energy supply and the security of the computer
equipment of the control system. Security remains the weak core of the system. A
SCADA system must be optimised every three to five years and this is a known drawback.
It is recommended to migrate towards AI techniques because the algorithms could be
developed by the engineers of the energy supplier to detect and prevent faults on the grid
and on particular in the transmission lines.
By rigging this many wires it is obvious that the potential for failures of various sorts
including short-circuits and broken lines will increase. Knowing that, the transmission
line single fault to ground defects are generally more than 80% of the total defects. If the
transmission of electricity via a nine-phase system becomes feasible, could these faults








The precursor of the ANN is MLP and its algorithm was proposed for the first time earlier
by Hebb in 1949 [119]. The MLP algorithm shows how different components which are
connected could be adapted through a learning environment. MLP techniques belong
to more than eight types of ANN such as back-propagation neural network (BPNN),
radial basis function (RBF), recurrent neural network (RNN) and MLP to cite only a
few. These ANN techniques are categorised by their topology, learning regime and their
architecture [120–122].
ANN could be defined as the application of software programming that emulates and
imitates human intelligence and MLP is one of the popular ANN techniques used to solve
engineering problems. It consists of several techniques based on the same principle that
can be used to classify and locate faults in transmission lines. The advantages of using
MLP techniques are no longer necessary to be demonstrated because there are several,
such as easily adaptable, fast processing and good to solve non-linear problems [123,124].
Those techniques have been well applied in three-phase systems.
This chapter presents the application of MLP techniques to classify and locate several
faults that may occur in a nine-phase transmission line.
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5.2 Experiment Setup
The experiment was done on a nine-phase transmission line that carries a 400 kV voltage
over a length of 200 km with various load types. Figure 5.1 presents the simplified line
that was used. This line has a fault at “D”meters from the power plant and the objective






Figure 5.1: A Nine-Phase Transmission Line Simplified.
The procedure used consists of assigning the binary numbers (0, 1) to each type of
fault that we would like to classify for fault classification and for fault location to divide
the length of the line in smaller distances. In the case studied, the line is divided into five
zones of 40 km each, and binary numbers were assigned to those distances. The rest of
the procedure entailed creating a fault manually using a circuit-breaker fault in Simulink
and recording in an excel file the RMS values of the short-circuit current (I1, I2, I3 . . . I9)
and voltage (V1, V2, V3, . . . V9) at the beginning and the end of the line. Finally, an MLP
algorithm was used to predict the fault classification and fault location. This procedure
was also applied in Chapters 6 and 7 where respectively DT and CNF techniques were
utilised to predict various fault types and their locations.
5.3 Multilayer Perceptron Structures
In general, the structure of MLP techniques is composed of several layers which are an
association of many neurons. A neuron as shown in Figure 5.2 is composed of an input
variable, an output variable, the weight of the data and an activation function. Many
types of activation functions such as linear, sigmoid and softmax exist. These functions
can be used and their efficiency essentially depends on the type of data set used.
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Figure 5.3: General Structure of MLP Technique.
Just as any AI technique, MLP has its general architecture as shown in Figure 5.3
where Inp1, Inp2, . . . Inpn represent the inputs and Otp1, Otp2 . . . Otpn represent the outputs
of the network. This MLP technique faces some drawbacks as it is sensitive to the choice
of a training algorithm. The hidden layers representing the network create understanding
insignificant and results are always displayed regardless of the input data’s nature.
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5.4 Application of MLP for Fault Classification
In the nine-phase transmission line system the total number of faults using all possible
combination was 887 fault types. However, single phase to ground faults represent more
than 80% of the faults that may occur in transmission lines. It will be wise to focus on
these fault types. However, using the MLP technique only 37 fault types are analysed
with some single line to ground, double line, double line to ground, triple line and nine line
faults. In Table 5.1, each single line to ground fault is allocated a set of binary numbers
which represent the outputs expected e.g. if phase one is short-circuited with the ground,
a binary number 1will be allocated to them and 0to the rest of the phases which
are not at fault. Table 5.1 presents only the expected output for single line to ground.
However the allocation of binary numbers to other faults used the same principle. The





Where Xn is the normalised value, Xmin the minimum value in the row and Xmax the
maximum value in the row.
Table 5.1: MLP Output Expected for Fault Classification.
Type of Faults
Outputs
Otp1 Otp2 Otp3 Otp4 Otp5 Otp6 Otp7 Otp8 Otp9 G
Ph 1- G 1 0 0 0 0 0 0 0 0 1
Ph 2 - G 0 1 0 0 0 0 0 0 0 1
Ph 3 - G 0 0 1 0 0 0 0 0 0 1
Ph 4 - G 0 0 0 1 0 0 0 0 0 1
Ph 5 - G 0 0 0 0 1 0 0 0 0 1
Ph 6 - G 0 0 0 0 0 1 0 0 0 1
Ph 7 - G 0 0 0 0 0 0 1 0 0 1
Ph 8 - G 0 0 0 0 0 0 0 1 0 1
Ph 9 - G 0 0 0 0 0 0 0 0 1 1
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5.4.1 Training of MLP Algorithm
The training entailed the selection of a percentage of the data to train the MLP algorithm’s
system how data should be processed. In the case studied, 70% of the data was chosen.
The percentage chosen must provide the best result and it was shown that 70% of the
data in the MLP technique does that.
5.4.2 Test of MLP Algorithm
The test consisted of selecting a percentage of the data to test the system after it has been
trained. In the present case, the remaining 30% of the data not used for the training, was
used to test the MLP algorithm’s system.
The different steps that enabling writing the MLP algorithm using Matlab are provided
below with the flow chart of the algorithm in Figure 5.4:
 Load data from an Excel table indicating the type of faults and the outputs expected
as shown in Table 5.1
 Segregate the input data
 Obtain the input matrix dimension
 Search the maximum and the minimum values of the inputs for each column
 Normalise the input matrix between 0 and 1
 Segregate the output expected from the data
 Search the best number of hidden layers that provides good results
 Create the structure of the neural network by choosing the type of ANN and the
activation function. In the present case, MLP and Sigmoid were chosen respectively
as the type of neural network and the activation function
 DO a training of the system by using 70% of the data set
 DO the test of the system by using the remaining 30% of the data set
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Figure 5.4: Flow Chart of MLP Algorithm for Fault Classification.
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5.5 Application of MLP for Fault Location
The procedure for fault location remains the same as the one used in fault classification.
The same data set is used and only the expected output will be changed. The choice of
the expected output consisted od dividing the total length of the line into five zones of
equal distance and to allocate a set of binary numbers to each zone. In the case studied,
the total length of the line is 200 km and each zone is 40 km long as indicated in Table
5.2. The flow chart of the MLP fault location algorithm is given in Figure 5.5.
Table 5.2: MLP Output Expected for Fault Location.
Fault Distance
Outputs Expected
Otp1 Otp2 Otp3 Otp4 Otp5
40 Km 1 0 0 0 0
80 Km 0 1 0 0 0
120 Km 0 0 1 0 0
160 Km 0 0 0 1 0
200 Km 0 0 0 0 1
5.6 Results Obtained and Discussion of Fault
Classification
Knowing that the number of neurons at the level of the hidden layer depends on the
number of input data many tests were done changing the neurons’ number from two to
50 and varying numbers of inputs. The first test used all 36 input variables such as Vs, Is,
Vr, Ir for each phase to determine the output. The second test used as the input variables
only either Vs or Is or Vr or Ir and the last test was to use both current and voltage either
at the sending end of the line (Vs and Is) or at the receiving end of the line (Vr and Ir).
The obtained results are presented in Table 5.3.
It emerges from the obtained results that the best results are derived when all 36
inputs are used and when only 75% of the 1295 input data are used for a total 906×36
dataset. Therefore, the optimum number of the neuron determined is “x”equal to 34 as
shown in Figure 5.6 which gives the smallest training error “y”equal to 1.98%. Figure 5.7
represents the error obtained between the data training and those predicted. Figure 5.7
demonstrates how accurately the algorithm can return the answer after being trained. It
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Figure 5.5: Flow Chart of MLP Algorithm for Fault Location.
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Error Obtained (%) Accuracy (%) Number of Neurons
at the Hidden LayerTraining Test Training Test
Voltage and Current Sent
and Received (Vs, Is, Vr, Ir)
25 2.6 4.77 97.4 95.23 35
50 1.99 3.42 98.01 96.58 39
75 1.98 0.3 98.02 99.7 34
100 2.37 0.64 97.63 99.36 39
Voltage and Current Sent
(Vs, Is)
25 3.1 4.36 96.9 95.64 49
50 2.2 3.36 97.8 96.64 49
75 2.39 7.19 97.61 92.81 40
100 2.74 7.48 97.26 92.52 46
Voltage and Current Received
(Vr, Ir)
25 10.8 12.75 89.2 87.25 8
50 9.51 10.75 90.49 89.25 36
75 9.83 12.63 90.17 87.37 24
100 10.02 11.42 89.98 88.58 48
can be seen that the error between the training and the predicted output peaks determine
the moment when the error is higher; this represents a short-circuit phase 1 to phase 2 to
phase 3 fault that happened 40 km from the power plant. The higher the amplitude in
this graph is, the more the algorithm gives an answer far from our expectation.
Figure 5.6: Training Data Inputs and Choice of the Number of Neurons.
There are two graphs in Figure 5.8 where outputs predicted and those desired are
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Figure 5.7: Error Between the Trained and the Tested Data Inputs with Rf= 1 Ω, at 40
km.
Figure 5.8: Test and Predicted the Faults Obtained with Rf = 1 Ω, at 40 km.
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plotted. The ideal graph obtained in this case is the graph in blue. However, due to the
error the graphs are not similar everywhere.
According to the results obtained in Table 5.3, it can be seen that the accuracy may
drop when using a lot of data input e.g at 100% of the input data the accuracy is less
than that obtained using 75%. It will be wise to always determine the best percentage of
data input that will provide the highest result.
For fault type classification the total achievement for the training was approximatively
98% and the total achievement for the test was approximatively 99.5%.
5.7 Results Obtained and Discussion of Fault
Location
Several tests were done using various inputs, as in the case of fault classification, to de-
termine the neurons’ network structure which would produce a good system performance
as indicated in the Table 5.4. It emerges from these results that the number of neurons
at the level of the hidden layer that would produce a good performance from the system
is 43. So, the structure of the neural network is 36 - 43 - 9. This number of neurons is
obtained when the entire data type (Vs, Is, Vr, Ir) and for 75% of the 1295 input data
available are used for a total of 906×36 dataset.




Error Obtained (%) Accuracy (%) Number of Neurons
at the Hidden LayerTraining Test Training Test
Voltage and Current Sent
and Received (Vs, Is, Vr, Ir)
25 4.46 7.98 95.54 92.02 38
50 1.99 5.84 98.01 94.16 42
75 1.51 0.3 98.49 99.7 43
100 2.15 0.39 97.85 99.61 47
Voltage and Current Sent
(Vs, Is)
25 5.48 8.8 94.52 91.2 33
50 3.06 8.53 96.94 91.47 43
75 2.88 13.98 97.12 86.02 44
100 3.86 9.5 96.14 90.5 42
Voltage and Current Received
(Vr, Ir)
25 14.32 16.71 85.68 83.29 18
50 14.43 14.29 85.57 85.71 40
75 13.39 17.15 86.61 82.85 25
100 13.37 15.01 86.3 84.99 27
Figure 5.9 represents the optimum number of neurons taken between 2 to 50 neurons
at the hidden layer which give the smallest training error of 1.51%, whilst Figure 5.10
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Figure 5.9: Training Data Inputs and Choice of the Number of Neurons for Fault Location.
represents the error obtained between the data training and the location predicted. It
can be seen that the error between the training and the location predicted output peaks
determines the moment when the error is higher; this represents the majority of the cases
of single phase to ground fault locations.
According to the results obtained in Table 5.4, it is always wise to determine either
if the neural network system needs more data or not before increasing the number. It
is also best to determine the data type that could give better results to achieve the
highest accuracy using the voltage and the current at the sending and at the receiving
end of the transmission line for fault type location. For the training the accuracy was
approximatively 97.85% and the total achievement for the test was approximatively 99.7%
. That means, if the faults occurred at 120 km, the neural network system could be able
to predict up to 119.64 km.
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Figure 5.10: Fault Location Error Between the Trained and the Tested Data Inputs with
Rf = 1 Ω, at 40 km.
5.8 MLP Technique’s Performance
To verify the performance of the system many examples of single phase to ground faults
that occurred at 80 km away from the power plant were tested and the results for fault
type classification and the location obtained are given respectively in Table 5.5 and in
Table 5.6.
Table 5.5: Performance of Fault Type Classification with Rf = 25 Ω at 80 km.
Fault Type
Desired Output Predicted Output
Otp1 Otp2 Otp3 Otp4 Otp5 Otp6 Otp7 Otp8 Otp9 G Otp1 Otp2 Otp3 Otp4 Otp5 Otp6 Otp7 Otp8 Otp9 G
Ph1-G 1 0 0 0 0 0 0 0 0 1 14.91E-3 87.85E-2 5.13E-06 3.85E-3 2.79E-05 1.45E-3 22E-5 317E-6 3.52E-05 0.99
Ph2-G 0 1 0 0 0 0 0 0 0 1 3.60E-06 19.68E-2 0.984 1.71E-08 661E-5 11E-5 7.84E-11 7.38E-07 5221E-6 1
Ph3-G 0 0 1 0 0 0 0 0 0 1 13E-4 4.83E-05 4.68E-08 9.87E-1 12E-5 1.63E-05 10.97E-3 3.16E-07 3.47E-06 0.987
Ph4-G 0 0 0 1 0 0 0 0 0 1 6.74E-06 12.4E-3 4.68E-05 35E-3 0.82 9.2E-3 2.71E-08 1.11E-06 6E-3 0.96
Ph5-G 0 0 0 0 1 0 0 0 0 1 166E-5 9.11E-3 7.56E-08 11.87E-4 9.11E-4 0.891 13E-2 9.53E-06 3.7E-4 0.996
Ph6-G 0 0 0 0 0 1 0 0 0 1 1.59E-05 6.7E-3 6.78E-06 5.27E-05 148.6E-3 14.8E-3 57.1E-3 55.1E-2 0.571 0.991
Ph7-G 0 0 0 0 0 0 1 0 0 1 0.01768 84.5E-4 1.00E-05 6.95E-06 58E-3 997E-6 43.2E-3 0.994 11.9E-4 0.493
Ph8-G 0 0 0 0 0 0 0 1 0 1 6.18E-3 12.5E-3 8.9E-3 269E-6 485.8E-3 67.7E-3 424E-6 0.805 0.815 3E-3
Ph9-G 0 0 0 0 0 0 0 0 1 1 0.995 0.997 173.1E-3 36.9E-3 431E-6 114E-6 13.7E-4 11.2E-2 1.43E-3 14.2E-4
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Otp1 Otp2 Otp3 Otp4 Otp5 Otp1 Otp2 Otp3 Otp4 Otp5
Ph1-G 0 1 0 0 0 161E-6 0.999 651E-6 1.87E-07 3.19E-07
Ph2-G 0 1 0 0 0 22.1E-2 0.911 106E-6 64.4E-3 26.6E-3
Ph3-G 0 1 0 0 0 0.140 0.908 724E-5 847E-5 8E-3
Ph4-G 0 1 0 0 0 0.474 0.526 59.8E-4 58.4E-3 29E-4
Ph5-G 0 1 0 0 0 0.727 0.682 23E-4 158E-6 2.56E-06
Ph6-G 0 1 0 0 0 41.9E-3 0.458 572E-6 20E-3 0.216
Ph7-G 0 1 0 0 0 14E-3 0.995 229E-6 3188E-6 291E-6
Ph8-G 0 1 0 0 0 1.54E-07 1 2.09E-06 267E-6 9.57E-06
Ph9-G 0 1 0 0 0 7.77E-05 0.999 122E-6 346E-6 7.63E-06
5.9 Conclusion
This chapter presents an AI technique called MLP which was applied to classify and locate
various faults in a nine-phase transmission line and analyse the results obtained.
The first step was to classify faults and the results obtained from the MLP classification
algorithm show a high performance of the technique used in terms of accuracy. The
highest accuracy obtained over various simulations is 98.02% for the training while the
test accuracy is 99.5%.
The second experiment was implemented to localise faults that were classified and the
results obtained using the MLP fault location algorithm show that the highest accuracy
achieved over various simulations is around 98.5% for the training and 99.5% for the test.
From these results it is clear that the quantity of data which could provide good results
must be critically determined. It is also good to always use various data sest as inputs
to help the neural network system establish a unique rule for each fault type in order to
reduce the error that will be obtained and doing so to increase the accuracy.
Several AI techniques have been used to classify and locate faults in three-phase sys-
tems such as DT however, their application in a futurist nine-phase system has not yet
been done. Could DT be applied in such a system and could it also provide a high results
as those obtained using MLP?
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6.1 Introduction
The DT concept was invented by Quinlan from the University of Sydney. It was presented
for the first time in his machine learning book in 1975. His first DT algorithm was named
the “Iterative Dichotomiser-3 (ID3)” [125].
DT is a comprehensive analysis and modelling tool which is used in different areas of
engineering, banking in risk analysis for credit approval and even in finance to determine
the profitability rate of a future business. In general, it is a set of mathematical equations
written in the form of an algorithm that allows the splitting of analysed data according
to some pre-established conditions to determine whether the data assigned to a target
solution are well defined [126].
The advantages of using this DT technique are many and varied such as solving non-
linear problems, meaning when the desired solution often has no direct relation with the
input data used; DT is reliable and easily adaptable to categorical and numerical data
compared to other AI techniques; simple to interpret and understand; and mirrors human
decision making more fairly than other approaches. The deficiency of DT is the fact that
a small change in data can produce a huge variation in the expected results and also that
DT can create over-complex trees which may be difficult to interpret [126–128].
DT has been used successfully to predict fault classification and fault location in solar
photo-voltaic arrays [129], in fault diagnosis [130–132] and in three-phase transmission
line systems [133–135]. This chapter presents its application in fault classification and
location that may occur on a futurist nine-phase transmission line.
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6.2 Structure of Decision Tree
The structure of a DT is based on the of validation principle of an obtained result by
yesornoin terms of some applied rules as presented in Figure 6.1 where A is a parent

























Figure 6.1: General Structure of DT Technique.
Assume there are three variables X1, X2 and X3, which can be equal to the binary
numbers 0 and 1. X1 is a root node, X2 and X3 are the decision nodes as shown in Table
6.1. The obtained tree of this example can be drawn as represented in Figure 6.2.
Table 6.1: An Example of DT Technique’s Application
X1 X2 X3 Output
0 0 0 0
0 0 (N/A) 1 1
0 1 0 1
0 1 (N/A) 1 1
1 0 0 1
1 0 1 0
1 1 0 (N/A) 1
1 1 1 (N/A) 1
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Figure 6.2: An Example of the DT Technique as Applied.
6.3 Application of Decision Tree in Fault
Classification and Fault Location
The total number of faults that can be analysed in a nine-phase system is 887 fault types.
It is Known that the majority of faults that face a transmission line are single-phase to
ground and represent 80% of the total faults. A DT was designed to analyse up to 37
fault types. These faults are all single-phase to ground faults, some double-phase faults,
double-phase to ground faults, triple-phase faults and a nine-phase fault. As presented
in the previous chapter, the experiment setup was the same and each fault type was also
normalised in a set of binary numbers 0 and 1 using Equation 5.1.
6.3.1 Training of Decision Tree Algorithm
All the data used are separated into various proportions. The training used one proportion
to train the algorithm how the data should be analysed. In the case studied, various
percentages of the data from 50% to 80% with a step of 10% were used to determine the
best training percentage too be used to achieve a high accuracy.
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6.3.2 Test of Decision Tree Algorithm
The test used the remaining data to test the system to determine whether the algorithm
has well analysed and understood how all the data should be processed. The different
steps to implement the algorithms are given below and the flow chart in Figure 6.3.
 Define all the necessary libraries for DT algorithm
 Import the data in a .csv file
 Split the features from the targets
 Normalise the data
 Split the data between training and test sets
 Create the classifier to train the system
 Predict the test results
 Measure the accuracy obtained
6.3.3 Impurity Measurement
In DT techniques are most often used to measure the impurity of a system and are
known as the gini index and entropy as well as miss-classification errors. The impurity
measurement is a measure of disorder which is an indicator of how messy data are. The












































Figure 6.3: Flow Chart of DT Algorithms used in Fault Classification and Location.
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Where IG(P ) is the impurity gini in terms of (P)
In the same way, the impurity entropy is determined as follows:






Where IE is the impurity entropy, P1, P2, . . . Pj are fractions that add up to 1 where each
represents a percentage of impurity in the tree. As an example of data in Table 6.2, we
will determine the impurity of the three variables X1, X2 and X3 using both approaches.






P (X1) = 2/12 = 0.16
P (X2) = 4/12 = 0.33
P (X3) = 6/12 = 0.5
(6.3)




2 + P (X2)





And using the entropy approach we have:
IE =− [0.16 ln(0.16) + 0.33 ln(0.33) + 0.5 ln(0.5)]
=1
(6.5)
In the case study, the choice of the approach to evaluate the impurity of the system is
the entropy approach because, in view of the preceding example, this approach does not
allows the lessening of the value of the impurity obtained knowing that, if the approach
97
6. Decision Tree Applied in Nine-Phase System
used to determine the impurity of the system was gini then, the yield obtained would be
higher.
6.3.4 Miss-Classification Error
It often happens that the study of a system does not predict the exact expected output
desired and this due to the type of data, the imperfection of the code and/or human error.
As any system, the miss-classification error permits the evaluation the accuracy of the
system. The accuracy of the system studied could be evaluated as follows in Equation
6.6 where EMC is the miss-classification error.
Accuracy(%) = 100− EMC (6.6)
The miss-classification error can then be evaluated as follows in Equation 6.7 in the
case of a fault classification and in Equation 6.8 in the case of fault location where, Outp
is the output predicted of the fault classification and Outd is its desired output, D is the
output predicted of the fault location and l is the total length of the line.
EMC(%) =






6.4 Result Obtained and Discussion of Fault
Classification
Several tests have been done to determine the appropriate percentage of data to be al-
located to the training and the test. That is how the breakdown of 65% of the data
for the training and 35% of the data for the test was obtained. In view of the obtained
results presented in Table 6.3 it can be seen that using the DT technique it is possible
for the system to learn the data provided perfectly with a zero training error. However,
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Training Test Training Test
Voltage and Current Sent
and Received (Vs, Is, Vr, Ir)
25 0 25.44 100 74.56
50 0 8.38 100 91.62
75 0 11.18 100 88.82
100 0 9.7 100 90.3
Voltage and Current Sent
(Vs, Is)
25 0 32.46 100 67.54
50 0 11.46 100 88.54
75 0 17.65 100 82.35
100 0 16.52 100 83.48
Voltage and Current Received
(Vr, Ir)
25 0 30.71 100 69.29
50 0 11.02 100 88.98
75 0 20.89 100 79.11
100 0 16.52 100 83.48
on the test side, according to various combinations of the data variables (Vs, Is, Vr, Ir)
the highest accuracy is obtained when all these variables are used at 50% of the 1295
data. The accuracy obtained for this system is 91.62%. Doing this demonstrated that the
diction “More you have data, the more your system is accurate”, is not always true. The
increase of data in Table 6.3 could also reduce the efficiency of the system. It is thus wise
to always determine the exact amount of data that can provide the highest accuracy.
6.5 Result Obtained and Discussion of Fault
Location
In the fault location system, many tests were performed to determine the exact percentage
that can be allocated to the training and testing of the system. It has been found that,
to have good accuracy, the training and the test need respectively 70% and 30% of the
total data utilised.
In view of the obtained results presented in Table 6.4, it can be seen that the training
error is zero, thus the system at the training obtained a 100% yield. Nevertheless, at the
test side, the obtained results vary according to the input variable (Vs, Is, Vr, Ir) used in
a certain combination. It can also be seen that when the input variables are all used and
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Training Test Training Test
Voltage and Current Sent
and Received (Vs, Is, Vr, Ir)
25 0 29.9 100 70.1
50 0 4.62 100 95.38
75 0 18.16 100 81.84
100 0 15.17 100 84.83
Voltage and Current Sent
(Vs, Is)
25 0 26.81 100 63.91
50 0 9.75 100 91.28
75 0 17.81 100 76.71
100 0 18.26 100 72.75
Voltage and Current Received
(Vr, Ir)
25 0 34.03 100 65.97
50 0 9.75 100 90.25
75 0 21.92 100 78.08
100 0 22.88 100 77.12
only 50% of the total amount of data applied for the test and the training system, the
obtained accuracy is the highest, which is 95.38% compared to others.
As in fault classification, the tree of the fault location algorithm can be generated in
order to see how the leaves are obtained.
The fact that we leave the root of the tree located at the top of the leaves of the
tree, which represent the final results at the bottom, means that the trees obtained in DT
techniques are upside down compared to the natural tree. This does not change the fact
that it is the root that produces the leaves.
6.6 Decision Tree Performance
To verify the performance of the system, many examples of single phase to ground faults
that occurred at 80 km away from the power plant, were tested and the results for fault
type classification and the location obtained are respectively given in Table 6.5 and Table
6.6.
The particularity of DT technique used in this thesis is that the algorithm allows you
to have at the output the rounded binary values 0 and 1 while in the previous chapter
with MLP in the majority of cases those values are just close to the desired binary values.
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Doing this helps to simplify the analysis of the results and to easily make a connection
between the output desired and the one predicted.
Table 6.5: Performance of Fault Type Classification at 80 km with Rf = 50 Ω.
Fault Type
Desired Output Predicted Output
Otp1 Otp2 Otp3 Otp4 Otp5 Otp6 Otp7 Otp8 Otp9 G Otp1 Otp2 Otp3 Otp4 Otp5 Otp6 Otp7 Otp8 Otp9 G
Ph1-G 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1
Ph2-G 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1
Ph3-G 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1
Ph4-G 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1
Ph5-G 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 1 0 0 0 1
Ph6-G 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 1
Ph7-G 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 1
Ph8-G 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0
Ph9-G 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1 1
It can be seen that some faults have been miss-classified leading to the desired output
not being equal to the predicted output. However, many other faults are well classified
and this is applicable for other fault types. The application of the entropy method to
evaluate the error can thus well be applied in such concept because the values obtained
are true, but did not predict their exact position.






Otp1 Otp2 Otp3 Otp4 Otp5 Otp1 Otp2 Otp3 Otp4 Otp5
Ph1-G 0 1 0 0 0 0 1 0 0 0
Ph2-G 0 1 0 0 0 0 1 0 0 0
Ph3-G 0 1 0 0 0 0 0 1 0 0
Ph4-G 0 1 0 0 0 1 0 0 0 0
Ph5-G 0 1 0 0 0 0 1 0 0 0
Ph6-G 0 1 0 0 0 0 1 0 0 0
Ph7-G 0 1 0 0 0 0 1 0 0 0
Ph8-G 0 1 0 0 0 0 1 0 0 0
Ph9-G 0 1 0 0 0 0 1 0 0 0
6.7 Conclusion
This chapter studied an AI technique called DT applied in various fault classifications
and locations in a futurist nine-phase transmission line system.
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The first experiment was to classify 37 fault types and the results obtained from the
DT algorithm show a good performance of the applied technique in terms of accuracy
obtained. The highest accuracy obtained amongst various simulations is 100% for the
training and 91.62% for the test.
The second experiment was to locate faults at various points on the transmission line.
The obtained results show that the highest accuracy obtained over various simulations is
95.38% when only 50% of the total amount of data were used.
It emerges from the obtained results in this chapter that it is always better to have
many input variables rather than only having a lot of data sets with few variables. A few
datasets with many variables can also provide good results.
Various AI techniques can be applied in such a system but each AI technique applied
alone has some shortcomings. To solve this problem, one of the proposed techniques is the
utilisation of a hybrid method which is the combination of two or more techniques. In a
futurist nine-phase system, can the combination of FL and neural network be successfully







The development of AI techniques faces challenges that sometimes require the use of other
techniques to solve a single problem because some AI techniques have many benefits and
some have substantial disadvantages that critically impact on the gained results. In such
cases, hybrid technique that aids to solve multifaceted problems encountered can overcome
the limitations of some of the single AI techniques
CNF is an AI technique that combines the neural network system and the FL rules
defined in a particular configuration of neurons. The CNF technique has five layers where
the first layer is the input used to process the data, the fifth layer is the output and the
three hidden layers are used to define the FL rules, to compute the average of centroid as
well as the triangular membership function [136].
This chapter presents in an explicit way the different steps that allow the CNF tech-
nique implementation and its application to classify and locate faults that may occur in
a nine-phase transmission line system.
7.2 Structure of Concurrent Neuro-Fuzzy
The CNF structure with five layers shown in Figure 7.1 is its general structure. A certain
number of rules such as the number of the FL conditions and the membership function
type as well as the number of the inputs must be known to determine the exact number
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Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Figure 7.1: General Structure of CNF Technique.
of neurons for each layer in CNF technique [3, 4].
7.2.1 The First Layer in the CNF Structure
Each neuron in this layer conveys straight to the next layer over its outward signals. To
determine the output of this first layer, Equation 7.1 was used.
Out(1) = Inp(1) (7.1)
Where, Out(1) and Inp(1) are respectively the output and the input of the neurons in the
first layer.
7.2.2 The Second Layer in the CNF Structure
The second layer is the fuzzification layer where an exact input from the first layer is
received by each neuron and the degree to which this input belongs to the neuron’s fuzzy
set is determine.
The activation function of a membership neuron is set to the function that specifies
the neuron’s fuzzy set. Triangular sets are used because the normalised data will be done
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Figure 7.2: Triangular Membership Function.
between -1 and 1 and the activation function for the neurons in the second layer is set to























i : is the output Layer 2
Inp
(2)
i : is the input Layer 2
a, b : are parameters as follows in the Figure 7.2.
7.2.3 The Third Layer in the CNF Structure
The third layer is the fuzzy rule layer where each fuzzy rule is established. In this layer,
each neuron matches a single rule. Example: the neuron corresponding with rule one
receives inputs from neurons A1 and B1 while the neuron corresponding with rule two
receives inputs from neurons A2 and B2. In the neuro-fuzzy system, the product operator
is utilised in Equation 7.3 to implement nodes and outputs of the third layers are obtained
as:
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2i ∗ ... ∗ Inp
(3)
ki (7.3)
Where, Inpi and Out
(3)
i are respectively the input of k neuron and the output of the
third layer.
7.2.4 The Fourth Layer in the CNF Structure
The fourth layer is the output membership layer where the consequences of the fuzzy
rules are applied. In this layer each neuron represents one consequence. All the neuron
inputs of this layer are joined by using the fuzzy operation union. The probabilistic OR’




















i are respectively the input Inpi of (k) neuron and the outputs
of the fourth layer.
7.2.5 The Fifth Layer in the CNF Structure
The fifth layer is the defuzzification layer where each neuron is a single output of the sys-
tem. It takes the output fuzzy sets pared by the corresponding integrated firing strengths
and combines them into a single fuzzy set. The precise output is obtained by the sum-
product composition as the weighted average of the centroids of all output membership
functions.
The point of intersection of all the three medians of a triangle is the centre which can
be used to calculate the average of the centroids using the Equation 7.5.
Out =
µc1 ∗ ac1 ∗ bc1 + µc2 ∗ ac2 ∗ bc2
µc1 ∗ bc1 + µc2 ∗ bc2
(7.5)
Where, Out represents the output of the CNF system and µck is (k) output of the fourth
layer.
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7.3 Application of CNF for Fault Classification
It is not possible to apply the CNF technique without mastering the application of FL
rules. In this experience a CNF technique’s structure shown in Figure 7.3 with five layers
uses the standardised data of the post faults. In CNF technique, the determination of the
number of neurons follows a certain numeral rule such as the number of FL conditions and
the input number as well as the type of the membership function. Due to the difficulties
to determine many different rules using FLc, nine faults (all single line to ground faults)
were analysed over the total fault types that may occur in such a system. Thus, for the
most accurate CNF technique network, the determination of its structure is essential for
faults classification and it gives 36 - 180 - 9 - 5 - 1.



































Figure 7.3: CNF Network for Fault Classification.
7.3.1 Architecture of the Neurons
In the first layer, all single line to ground post fault's data were normalised between -1 and
1, where the CNF algorithm was utilised to classify them. Thus, the number of neurons
here is 36 which corresponds with the sum of the phase voltage and current at the sending
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Where, Inpn is the normalised data obtained and Inpmax represents the maximum values
as well as Inpmin the minimum values in the same column vector. All normalised data
were forwarded to the second layer so, each neuron of this Layer 2 received them and
determine Z1, Z2, Z3, Z4 and Z5. This operation is calling fuzzification. Thus, the number
of neurons in this layer is equal to the number of FL conditions multiplied by the number
of inputs in Layer 1. The total number of neurons in Layer 2 = 36× 5 = 180 neurons.
36 is the number of inputs in Layer 1 and 5 the number of FL conditions Z1, Z2, Z3, Z4
and Z5. The five FL conditions were determined as follows:
Z1 = Pn1 − Pn3 ; Z2 = Pn3 − Pn5 ; Z3 = Pn5 − Pn7 ;
Z4 = Pn7 − Pn9 ; Z5 = Pn9 − Pn2 .
(7.7)































































I1, I2 and I3. . . I9 are the post faults currents flowing respectively in phase (1) to phase
(9) of the transmission line.
To use the FL for the purpose of this experiment in fault classification, five conditions
were established for each fault type as well as five membership functions: Very Small (VS),
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b1 b2 b3 b4 b5
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Figure 7.4: Fuzzy Logic System for Membership Categories.







Small (S), Medium, (M), Average (AV ) and High (H). The graph of the membership
function utilised is shown in Figure 7.4 and in Table 7.1, the membership function range
with their associated values obtained.
In the third layer, nine conditions were necessary and allocated to each type of fault
that was to be classified. Each fault type corresponds with one neuron and thus, the total
number of neurons was nine. In the fourth layer, the probabilistic Operational Research
(OR) method was applied. The number of neurons in this layer is equal to the number
of membership categories. For this experiment five membership categories are used thus,
five neurons were necessary. Layer 5 is the output layer where the average of centroids
was applied.
According to how data are transmitted between two layers a type of membership
function was allocated. Because data were straight forwarded between Layer 1 and Layer
2, a linear membership function was applied. For the rest of the data transmitted between
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layers, logistic functions were applied and its derivative used to update all weights using
the back-propagation process.
7.3.2 Different Fuzzy Logic Conditions Employed
All conditions established by the FL method used to classify each fault type are defined
as:
 If Z1 is VS and Z2 is H and Z3 is H and Z4 is VS and Z5 is H then phase (1) to
ground fault
 Z1 is M and Z2 is AV and Z3 is H and Z4 is S and Z5 is AV then phase (2) to
ground fault
 Z1 is VS and Z2 is H and Z3 is H and Z4 is H and Z5 is VS then phase (3) to
ground fault
 Z1 is M and Z2 is M and Z3 is AV and Z4 is S and Z5 is AV then phase (4) to
ground fault
 Z1 is VS and Z2 is H and Z3 is AV and Z4 is S and Z5 is H then phase (5) to
ground fault
 Z1 is VS and Z2 is H and Z3 is AV and Z4 is S and Z5 is AV then phase (6) to
ground fault
 Z1 is M and Z2 is AV and Z3 is AV and Z4 is M and Z5 is AV then phase (7) to
ground fault
 Z1 is VS and Z2 is H and Z3 is H and Z4 is S and Z5 is AV then phase (8) to
ground fault
 Z1 is AV and Z2 is M and Z3 is AV and Z4 is S and Z5 is AV then phase (9) to
ground fault
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7.3.3 Different Steps of the Concurrent Neuro-Fuzzy
Algorithm for Fault Classification
The different writing steps of the CNF classification algorithm are given below and the
flow chart in Figure 7.5.
 Load the file data
 Extract the input data
 Define the output data
 Normalise the output data
 Define the functionality of each neuron in all layers from Layer 1 to Layer 5
 Initialise the weights
 Determine error in each neuron
 Updating weights between different neurons
 Define the number of epochs
 Train the CNF structure
 Test the CNF structure
7.4 Application of CNF for Fault Location
Fault location using CNF techniques has the same input variables as the previous ex-
periment such as VS, IS, VR, IR. These input variables are 36in number and the CNF’s
network also has five layers as shown in Figure 7.6.
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Figure 7.5: Flow Chart of Fault Detection and Classification Algorithm.
7.4.1 Architecture of the Neuron
This experiment uses the same principle as the MLP technique defined in Figure 5.1 where
a simplifier transmission line has been created. The procedure was aimed at locating a
fault that may occur over a transmission line of 200 km carrying 400 kV.
In fault location, one of the most popular equations that can convert line parameters
(voltage and current) with respect to distance, is Telegrapher’s equations. The utilisation
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Figure 7.6: CNF Network for Fault Location.
of Clarke’s transformation as the original set of phase variables can be converted into a
set of 0, α and β variables as a solution when applying Telegrapher’s equations.
For a single phase transmission line, Telegrapher’s Equations 7.10 and Equations 7.11


















and γ = sqrt(R + jωL)(L+ jωC) (7.11)
Where:
V : The phase voltage
I : The phase current
L : The inductance of the line
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R : The resistance of the line
C : The capacitance of the line
G : The conductance of the line
Zc : The impedance of the line
γ : Constant of propagation







cosh(γ(l −D)) −Zc sinh(γ(l −D))
−1
Zc






l : is the total length line
D : is any point on the line
When a fault occurs X km away from the sending end of the transmission line, by










A = VS cosh(γl)− ZcIs sinh(γl)− VR
B = IRZc + VS sinh(γl)− ZcIs cosh(γl)
(7.14)
7.4.2 Application of Clarke’s Transformation for a Nine-Phase
Transmission Line
For the nine-phase transmission line, the application of Telegrapher’s equations as shown
can be done by modal decomposition. The result of single-phase can be extended to a
nine-phase transmission line by exercising Clarke's transformation as shown in Equation
7.15 and Equation 7.16.
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7. Concurrent Neuro-Fuzzy Technique Applied in Nine-Phase System
where i = , α(1, 2, 3), β(1, 2, 3)
Xα(1,2,3) and Xβ(1,2,3) are the six areal modes, X0(1,2,3) are the three ground modes. γi,







Υi = G+ jωC Zi = R + jωL (7.18)
Ai and Bi are determined using the line voltage and impedance as shown in equations
7.19
Ai = VSi cosh(γil)− ZciIs sinh(γil)− VRi
Bi = IRiZc + VSi sinh(γil)− ZciIsi cosh(γil)
(7.19)
Xα(1,2,3) is valid for all types of faults except line to line faults where the Xβ(1,2,3) is
selected and X0(1,2,3) is valid for line to ground fault. An accurate fault location point is
achieved by the selection of the appropriate mode and the fault type in Equation 7.17.





7.4.3 Different Steps of the Concurrent Neuro-Fuzzy
Algorithm for Fault Location
Matlab software was used to program the CNF algorithm for fault location. The steps of
the CNF algorithm for faults location are given below with the flow chart presented in
Figure 7.7.
 Load data set
 Define variable
 Normalise the input data at the first layer and forward them to the second layer
 Divide data to 0, α and β data set at the second layer
 Apply Clarke’s transformation at the third layer
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 Determine all parameters transmitted (voltage and current) at the fourth layer
 Determine the output distances at the fifth layer
 Initialise all weights
 Determine different errors obtained in each neuron
 Update the weights in different neurons for each layer
 Define the number of epochs
 Test the system
In error computation, the magnitude is important. Thus values of error were deter-





where Xdesired is the fault distance desired and Xpredicted the fault distance obtained by
the algorithm as well as l the total length of the line.
7.5 Results Obtained and Discussion of Fault
Classification
The hidden layer numbers were determined in respect of the FL rules. However, CNF
techniques always have a network of five layers. Thus, the structure of the network
obtained was 36 - 180 - 9 - 5 - 1 for fault classification. A defuzzification area of the
output predicted is shown in Figure 7.8. This defuzzification output was inspected in this
case at the 40 km point from the power plant, with a fault resistance equal to 0.001 Ω.
Figure 7.9 presents a sum of the area of different faults that occur at 40 km with a fault
resistance of 0.001 Ω without defuzzification. These two figures look like triangles due to
the FL triangular membership function that was chosen to process the system. At each
point of the line analysed, it is possible to use such figures to classify faults and determine
their location because they are unique.
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Figure 7.7: Flow Chart of Fault Location Algorithm.
The error evaluation of the system studied has been determined by calculating the sum
of all data which do not respect the FL conditions established and to divide this sum by
the data dimension. For the faults classification technique, 25 variables using 5 conditions
established out of a total of 315 data used did not meet the established conditions. The
total achievement prediction accuracy was therefore 98.41%.
Table 7.2 presents all fault types that were studied and the predicted output value
associated with them. It should be noted that in the CNF technique application for fault
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Figure 7.8: Defuzzification Output Predicted at 40 km with Rf = 0.001 Ω.
Figure 7.9: Sum of the Faults Area at 40 km with Rf = 0.001 Ω.
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Table 7.2: Defuzzification Output and FL Conditions Predicted for Each Fault Type at
40 km, Rf = 0.001 Ω for Fault Classification.
Faults Type Output Defuzzified
FL Conditions Predicted
Z1 Z2 Z3 Z4 Z5
Ph1 - G 0 -39.07 37.97 24.91 -25.19 22.06
Ph2 - G 0.580 -2.88 6.07 13.55 -10.97 11.09
Ph3 - G 1 -1.19e3 1.15e3 66.39 -65.80 94.91
Ph4 - G 0.587 5.45 -0.85 3.71 -8.03 8.81
Ph5 - G 1 -68.65 68.29 9.18 -8.83 14.62
Ph6 - G 1 -58.69 57.17 11.16 -8.19 8.82
Ph7 - G 0.570 -6.57 7.45 4.55 -5.30 9.78
Ph8 - G 0.938 -22.43 20.37 21.06 -9.68 8.88
Ph9 - G 0.538 3.42 -3.23 11.03 -9.41 11.41
Table 7.3: Defuzzification Output and FL Conditions Predicted for Each Fault Type at
200 km, Rf = 0.01 Ω for Fault Classification.
Faults Type Output Defuzzified
FL Conditions Predicted
Z1 Z2 Z3 Z4 Z5
Ph1 - G 0 -34.17 37.13 37.93 -39.9 35.01
Ph2 - G 1 -6.25 3.89 24.18 -15.28 11.57
Ph3 - G 0.5 N/A N/A N/A N/A N/A
Ph4 - G 0.57 -2.88 -0.87 16.46 17.43 8.28
Ph5 - G 1 -24.09 24.62 11.92 -12.72 13.89
Ph6 - G 0.62 -17.37 15.43 10.76 -12.07 11.77
Ph7 - G 0.58 -6.88 8.65 8.79 -8.46 8.94
Ph8 - G 0.91 -16.94 15.77 12.26 -13.57 11.76
Ph9 - G 0.53 11.15 -5.66 5.76 -9.98 11.11
classification presented here, only FL conditions are used to classify faults. However, the
defuzzified output values associated with each fault type could well be used to analyse
such a system.
Table 7.3 presents other results obtained at 200 km with a fault resistance of 0.01 Ω.
All inputs which do not satisfy FL conditions that were set, were evaluated to return the
word “Non Applicable”(N/A) which was used to compute the error of the system.
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7.6 Results Obtained and Discussion of Fault
Location
The number of hidden layers for fault location was five as in the fault classification. How-
ever, the associated neurons to each layer were permitted to have the network structure
of 36 - 36 - 5 - 18 - 9. Figure 7.10 presents the error with respect to the fault numbers
obtained for the entire system.
Figure 7.10: Errors Obtained for the Entire System.
In Figure 7.10, both faults that have the highest error among those studied are re-
spectively according to the graph, fault number 220 with an error of 14.31% and fault
number 8 with an error of 14.29%. By identification, fault number 220 corresponds with
the phase 4 to ground fault obtained at 200 km with a fault resistance of Rf = 20 Ω while
fault number 8 corresponds with phase 8 to ground fault which occurred at 40 km with
a fault resistance Rf = 0.001 Ω. Figure 7.11 presents in detail the error that occurred at
40 km with a fault resistance of 0.001 Ω.
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Figure 7.11: Error of the System Obtained at 40 km with Rf = 0.001 Ω.
Table 7.4: Fault Type Error and their Location for Rf = 0.001 Ω.
Faults Type
Error Obtained (%)
200 km 160 km 120 km 80 km 40 km
Ph1 - G 0.6865 0.6819 0.6785 0.6852 0.6286
Ph2 - G 0.7188 0.7179 0.7186 0.6498 0.6478
Ph3 - G 0.6967 0.6974 0.7001 0.7003 0.6721
Ph4 - G 0.8016 0.8067 10.2625 0.7894 0.7333
Ph5 - G 0.7553 0.7517 0.7501 0.7491 0.7911
Ph6 - G 0.6320 0.6030 0.1160 0.6349 0.4131
Ph7 - G 0.7021 0.6979 0.6959 0.7539 0.8761
Ph8 - G 0.7002 0.7047 0.7050 0.7036 14.2853
Ph9 - G 0.6974 0.7039 0.7195 0.7126 0.8015
In general, the errors obtained vary from one point of the transmission line to another
and from one fault type to another. The total achievement prediction accuracy was
therefore 99.17%. Table 7.4 provides various errors associated with their fault type that
occurred at the 40 km point with fault resistance of 0.001 Ω.
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7.7 CNF Technique Performance
To verify the performance of the system, many examples of single phase to ground faults
that occurred at 80 km and 120 km respectively away from the power plant have been
tested. The results for fault type classification and the location obtained are given in
Table 7.5 for fault classification at 80 km and in Table 7.6 for fault location at 80 km and
120 km.
Table 7.5: Fault Type Error and their Location for Rf = 0.001 Ω.
Faults Type
Desired Output Predicted Output
Z1 Z2 Z3 Z4 Z5 Z1 Z2 Z3 Z4 Z5
Ph1 - G ]-270, -16[ ]12, 102.5[ ]12, 102.5[ ]-270, -16[ ]12, 102.5[ N/A 16.0974 32.28066 -42.1641 38.0855
Ph2 - G ]-7, 0] ]0, 12] ]12, 102.5[ ]-16, -7[ ]0, 12] -2.6640 2.4009 15.2167 -13.3474 11.7641
Ph3 - G ]-270, -16[ ]12, 102.5[ ]12, 102.5[ ]12, 102.5[ ]-270, -16[ -16.6389 19.2277 12.2845 15.3770 -19.4174
Ph4 - G ]-7, 0] ]-7, 0] ]0, 12] ]-16, -7[ ]0, 12] -5.8944 3.1932 6.3209 -7.9187 9.4532
Ph5 - G ]-270, -16[ ]12, 102.5[ ]0, 12] ]-16, -7[ ]12, 102.5[ -15.5568 17.0468 11.0842 -10.7745 12.8456
Ph6 - G ]-270, -16[ ]12, 102.5[ ]0, 12] ]-16, -7[ ]0, 12] -9.3537 15.8832 10.6168 -15.2171 5.5002
Ph7 - G ]-7, 0] ]0, 12] ]0, 12] ]-7, 0] ]0, 12] -6.1890 6.7662 8.7980 -5.2599 9.1361
Ph8 - G ]-270, -16[ ]12, 102.5[ ]12, 102.5[ ]-16, -7[ ]0, 12] -10.1432 19.7497 19.2029 -15.8802 7.5427
Ph9 - G ]0, 12] ]-7, 0] ]0, 12] ]-16, -7[ ]0, 12] 8.4648 -4.2529 10.5538 -7.8913 8.9830







80 km 120 km
78.6295 118.6429
Ph2 - G 78.7004 118.5628
Ph3 - G 78.5994 118.5997
Ph4 - G 78.4211 99.4751
Ph5 - G 78.5018 118.4999
Ph6 - G 78.7302 119.7680
Ph7 - G 78.4922 118.6082
Ph8 - G 78.5928 118.5899
Ph9 - G 78.5748 118.5610
In Table 7.5 it is seen that the predicted output values fall within the range of the
desired output to satisfy the established conditions. This permitted the successful classi-
fication of various faults that occur at 80 km when the fault resistance was Rf = 0.001
Ω. However, when this does not fall within the range of the desired fuzzy rules and the
returned value is Non-applicable (N/A). The same applies to the fault location perfor-
mance presented in Table 7.6. The predicted output is very close to the desired either for
the location at 80 km and at 120 km away from the power plant.
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7.8 Conclusion
This chapter presented the application of the CNF technique in nine-phase transmis-
sion lines for fault classification and fault location. The transmission lines where CNF
technique applied carry a voltage of 400 kV with a length of 200 km.
Two experiments were done to obtain the results. The first experiment was designed
to classify faults in the transmission line with high voltage and the results obtained show a
solid performance of CNF in terms of prediction accuracy. The total achievement accuracy
obtained is 98.41%.
The second experiment was designed to locate faults in the transmission line with high
voltage and the results obtained from the CNF algorithm fault location show that the
total achievement accuracy is 99.17%.
Due to the FL conditions, CNF could be difficult to implement and it is less flexible
compared to MLP and DT techniques. The reason is because any change on the data’s
dimension will affect the entire structure of the algorithm and will require to another
algorithm to be written. However, the established FL conditions can be easily updated
during the process in order to increase the accuracy and therefore, to reduce the error
obtained.
The CNF techniques are powerful AI techniques that combine the advantages of MLP






The importance of energy for the world’s economic development is no longer in dispute.
Several reports from major groups and international organisations support research done
in the fields of power energy. It has been shown by the World Energy Council in an article
published in 2013 that by 2050, the electrical systems will become more complex and the
generation of electrical energy should increase considerably. All this is due to the world
population increasing as is the multiplicity of electrical equipment. It is therefore urgent
to work on new systems for the generation, transmission and distribution of electrical
energy.
The case highlighted in this thesis is the one of a transmission line which could increase
the power transmitted and multiply 10 time the value of the loads that simultaneously
connect to the line compared to the present three-phase system while the line voltage
is the same. Doing this means, if the world’s population increases as projected and the
electric load connected to the grid linearly follows the increase of the world’s population,
the actual electrical system will become obsolete. To address this, the new proposed
system would be of utmost importance.
It has been proven that the complexity of any system evolves with its power, that the
more powerful a system is, the more complicated it is to maintain. knowing that the effi-
ciency of a system such as a transmission line, depends on its capabilities to permanently
transmit electrical energy to the consumers, it is wise to design a new way of maintaining
such a system.
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Transmission lines are subject to various fault types and these defects are detrimental
to consumers and even to the service provider. Several fault finding techniques exist
and are more or less effective. Thus, the troubleshooting technique most used today is
the method by “investigation”. This investigation method used in fault finding can be
very expensive, slow and requires a large maintenance team. It is therefore important to
introduce and implement new techniques based on AI.
The prediction of faults and their location is based on the use of short-circuit data
(current, voltage). By applying these new techniques, the maintenance team would con-
siderably reduce the allocated time of fault research and thus the time of reconnection of
the part of the installation that was in default to the grid; reduce the maintenance cost
allocated; increase the electrical energy’s availability and increase the transmission line
reliability.
Recently, AI techniques have successfully been applied in three-phase fault detection
and classification and in fault location. These AI techniques can even be applied in many
power system fields such as power system control and supervision as well as power system
protection.
The main objective of this thesis was to introduce three effective and powerful AI
techniques to detect and classify, and locate faults that may occur on an overhead mul-
tiphase high voltage (nine phases) transmission line. The specific objectives were firstly
to design a nine-phase transmission line via Matlab/Simulink; secondly to determine the
most important parameters such as R, L, C parameters; thirdly to compare what we have
in terms of load value that can be connected simultaneously to three-phase and nine-phase
systems with the 100 MW threshold power remaining at the end of the line. Fourthly it
was to determine Clarke’s transformation matrix for the nine-phase system and fifthly to
implement AI techniques that can be used to predict fault type classification and their
location. In this case, three AI techniques were used which are MLP and DT as well as
CNF techniques. Using MLP and DT techniques, 37 fault types were classified success-
fully and located. While using the CNF technique, only the single line to ground faults
were classified and located. The last specific objective was to determine whether these
AI techniques can be successfully applied in other transmission line types in view of the
results obtained.
The overhead nine-phase system transmission line was designed using Simulink soft-
ware and another three-phase system was designed in order to compare the results ob-
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tained. All the characteristics of the three-phase line were provided by ESKOM Ltd and
belonging to a transmission line called the “MASA NGWEDI 400 kV Line”. These char-
acteristics were used to set up the nine-phase line. It was found from the results obtained
that a nine-phase transmission line with a 400 kV line voltage and a length of 200 km
can supplier up to 10 times more load connected to a grid than a three-phase system. It
has also emerged from this study that the RMS phase voltage is not equal in terms of
amplitude. Only in theory their values are considered to be equal in order to simplify
the calculations. It is important to mention that the sample time chosen was 0.2 and
the results obtained may change if this is not taken into consideration while recording
post-fault data. However, if the chosen sample time is maintained constantly during the
entire process, AI techniques might still provide the expected results.
After the nine-phase system was designed, circuit-breaker faults were connected to
the line in order to simulate various kinds of faults that may occur on such a line. The
entire length of the line was divided into five zones of equal distances of 40 km and the
short-circuit voltage at the beginning and at the end of the line were recorded, as well
as the distance where the fault occurred. These data were then analysed using various
algorithms implemented in Matlab.
The first algorithm implemented was the MLP technique fault classification and the
second algorithm the MLP technique fault location. It emerged from the results obtained
using these algorithms that the total achieved result predicted is respectively at 99.3%
and 97.5% accuracy for fault classification and fault location.
The third and the fourth algorithms were DT techniques implemented respectively for
fault classification and fault location. It emerged from the results obtained that DT fault
classification techniques have the total achievement accuracy of 91.62% while DT fault
location provided a result of 95.38%.
The fifth and the sixth algorithms were CNF techniques implemented respectively for
fault classification and fault location. The results obtained indicated that the prediction
accuracy for CNF fault classification as 98.41% while the total achievement accuracy was
99.17% for CNF fault location.
Simulation results attest that these techniques can be successfully applied in fault
classification and fault location on a system that has more than three phases achieving
efficient results. However, among these techniques CNF is the more difficult technique to
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implemented. This is due to the FL which have to be defined in advance and every time a
single parameter is changed, such as the number of input, all the systems must be studied
by new and new FL rules have to be defined. While analysing the results obtained, the
performance of an AI technique can not only be based on the accuracy obtained, but also
on the time utilised to analyse the result and the capacity to quickly update the algorithm
when it is necessary. MLP remains the technique easier to update compared to the others
investigated.
From the simulation it has also been noted that some faults are different but the
short-circuit voltage and current measured are the same at the beginning and at the end
of the line. This may negatively affect the result obtained because the algorithm’s aim is
to find a difference among these faults.
According to the MLP technique’s implementation, the predicted output may often
change slightly because of the weights that have been set to randomly change during the
process. It is then wise to perform several tests in order to determine the most effective
weights.
According to CNF technique’s implementation, other FL rules can be setted for the
same system in order to increase the result obtained. Therefore, the results obtained
using CNF techniques are directly linked to the FL rules.
8.2 Recommendations
In view of the obtained results presented in this thesis, it can be stated that it is possible
to supply a larger electrical load by increasing the number of phases of a transmission
line. Nowadays, the essential parameter on which engineers act when the increase of the
transmission line’s power becomes necessary, is the line voltage increasing. By doing this,
they increase the electrostatic field; the corona effect; radio disturbances; the noise and
the level of danger to the living creatures near the transmission line. It would be wise
to find new techniques in order to meet the growing energy demand while maintaining
the environment in which we live. However, before starting the implementation of such
a system, it is recommended that the cost of the materials is evaluated. Taking into
consideration the economic aspect of such a study and comparing it against the actual
three-phase system, will surely give more reliability to the study of the nine-phase system.
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Thus, this could be done for future investigation.
The use of AI techniques in fault detection and classification and in fault location for
three-phase systems still requires much study. However, this does not preclude projecting
their application into a futuristic system such as a nine-phase system. The results ob-
tained during the present research have successfully demonstrated that techniques such
as MLP and DT, as well as CNF, could well be applied to predict fault classification and
location for a nine-phase system. However, the study presented in this thesis does not
include all fault possibilities that can occur on such a line. If the feasibility of a nine-phase
transmission line system became possible and we had to use one of the techniques pre-
sented in this research, more investigation should be done and the environmental factors
taken into account.
It was shown that each transmission line on a network is unique due to the fact that
climate can affect and even change the transmission line’s characteristics over its entire
length. Therefore, new algorithms that take into account this aspect will be more suitable
to predict fault type and fault location.
It is recommended that several algorithm types should be used to determine which
is the best suited to predict high accuracy. Thus, more investigation needs to be done
in order to increase the yield and reliability of AI techniques. Knowing that the AI
techniques used in this thesis can be applied in different engineering fields in general and
in power system fields in particular, it is recommended that, before choosing a technique,
the data type needed must be determined. This is important because certain techniques
are more efficient and easier to deploy when the data used are adapted to the AI technique.
It will not be good, for example, to apply WT in fault detection and location when the
data used are short-circuit voltage and short-circuit current. However, if the harmonics
obtained during the simulation procedures are used, better results might be obtained.
The reactance effect of the generator was not included in this study. It is recommended
for future study, before applying these AI techniques, to take it into consideration and
then to compare the results obtained with those presented in this thesis. It will make
it easier to determine the influence of the reactance effect of the generator in such AI
techniques.
In several cities, the electrical network is underground for aesthetic reasons. The
transmission line is therefore composed of two different types of lines such as an overhead
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line and an underground line. Investigations could be done on this type of network
carrying a multiphase system and then use AI techniques to classify and locate faults.
All these recommendations given above can be used for future scope. Moreover, a triple
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A.1 Introduction
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papers, titles and authors’ names are highlighted in this appendix.
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